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The styryl group of dyes has been used in cellular studies for over 50 years because of their 

solvatochromic and/ or electrochromic properties. Here we report characterization of solubility 

and solvatochromic properties of a near infra-red amiophenylstyrylquinolinum dye, styryl 11 or 

LDS 798. We have extended our studies to small unilamellar vesicles, lipid based nanoparticles 

and live cells. Our cellular studies show that LDS 798 preferentially localizes in mitochondria 

and its fluorescence lifetime changes with change in mitochondrial membrane potential. We 

have used this change in lifetime as an early marker for mitochondria-dependent apoptosis. We 

also found that solvatochromic properties of this dye, used in tandem with fluorescence 

correlation spectroscopy, can be used to efficiently determine the diffusion coefficient and hence 

the size of the submicron lipid based particles. This dye has the potential to provide essential 

information about liposomal structures and mitochondrial potential changes in vitro and in situ 

respectively. 
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CHAPTER -1  

INTRODUCTION: MEMBRANE POTENTIAL MEASUREMENTS AND THEIR 

FUNCTIONAL RELEVANCE 

 

1.1 Biological membranes 

Biological membranes are the bilayered structures that separate a biological system from its 

surrounding. Cell membrane can be considered as a selectively permeable barrier that separates 

the cellular contents from outside1. In addition to the cell/plasma membrane subcellular 

structures such as mitochondria, endoplasmic reticulum and nucleus have their own membranes 

which serve a similar purpose2. Though membranes were primarily thought be physical barriers, 

studies of the last 50 years infer that membranes are one of the most complex, dynamic and 

functionally active moieties of the cellular architecture1, 23. Their functions during cellular 

communication and signal transduction have been a prime area of interest for several years now. 

Their amphipathic nature and extensive weak interactions are essential for maintaining 

thermodynamic stability as well as dynamics in the living cell. A major part of biophysical 

studies deal with understanding the membrane organization and dynamics in light of 

thermodynamic laws of nature. 

The predominant components of the biological membrane are the amphipathic lipid molecules. 

These amphipathic molecules are primarily phospholipids, sphingolipids and cholesterols1. All of 

these molecules comprise of a polar and a non-polar component. Non-covalent hydrophobic 

interactions of non-polar modules result in formation of micelles and bilayered membrane 
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structures through an entropy-driven process1. These structures create ‘boundary conditions’ and 

thermodynamically separate a system from its environment. Polar/charged moieties of these 

amphipathic molecules interact with the polar aqueous environment and keep these structures 

soluble in that environment through other non-covalent interactions (hydrogen bonding and 

electrostatic interaction). 

In addition to lipid moieties, biological membranes have proteins and sugars associated with 

them. The proteins, lipids and sugar moieties can act as transducers of information along with 

some lipid molecules and allow the internal environment of cells adjust to the changes in 

external environments.  

1.2 Understanding biophysics of the membrane 

The biological functions of membranes are highly correlated with their fundamental 

physicochemical properties. These properties govern the processes including membrane transport 

and energetic 4, 5. Properties such as the electrostatic potential, phase state and hydration of lipids, 

proteins and sugar in the membrane ultimately determine the membrane structure and control the 

trafficking of molecules and ions across the membrane. Electrostatic interactions play a crucial 

role in biomembrane processes such as membrane stability, flexibility and fusion5. Monitoring 

these properties in situ is area of interest in membrane biophysics as these properties eventually 

lead to altered function and effect the functionality or viability of the cell. 

At the beginning of 21st century biological membranes still generate lot of challenges. The fluid 

–mosaic model6, that states motion and aggregation of lipids in the membrane is random, is being 

revisited and reconsidered with new findings indicating that biological lipid membranes are more 

mosaic than fluid 7, 8. Examples indicate that lipid composition can influence the incorporation of 
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proteins in the membrane 3, 9, 10. The factors controlling the fluid and rigid domains of membranes 

still remain unclear but their relevance in processes like signal transduction has been 

demonstrated. The functional role of lipid asymmetry is currently not well understood11. This 

asymmetry leads to non-homogenous distribution of charges and surface potential is created by 

it. Maintenance and modulation of this distribution impact key cellular mechanisms. This is 

prominent in phenomena like apoptosis, where cellular disintegration is indicated by appearance 

of phospholipid phosphatidylserine (PS) on the outer leaflet of the cell membrane10. There are 

other phenomena like protein sorting, where membrane lipid composition and surface charge has 

an integral role that are yet to be elucidated. Transport of lipophilic cations and peptides without 

any specific channel has also drawn some attention of late5. The factors mentioned above  are 

critical for basic knowledge of membrane organization and are critical for improving drug 

efficacy and early prognosis of diseases.  

1.3 Membrane potential 

Some of the phenomena, notably the electrical changes in the membranes of excitable tissues and 

cells, have been studied in depth by electrophysiological techniques12. Though these 

measurements can give information about distribution of ions between two compartments 

separated by biological membrane, it is an invasive approach that ultimately leads to unwanted 

alteration of system under investigation13. Traditional experimental methods, like microelctrode 

techniques, of studying biomembrane electrostatics also do not allow the nanoscopic level of 

detection5. They lack sufficiently low spatial resolution and do not allow the profile of the 

electrostatic gradient across the membrane to be obtained. The surface potential, as determined 

by the ζ-potential technique, also lacks high structural resolution, and, cannot be improved 

further5, 13. The cell electrophoresis method, which directly measures membrane surface potential 
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in the aqueous phase adjacent to the membrane, has been extensively used to study the 

electrokinetic properties of monodispersed suspensions of erythrocytes 14 and other blood cells 15, 

16. As most of the mammalian cell types are adherent rather than free, for monodispersity they 

have to be treated by enzymatic, chemical, or mechanical means. Such treatment will affect the 

surface potential. Another complication in these electrophoresis measurements is that they 

determine the ζ -potential at an idealized plane of shear at some distance from the membrane 

surface. Only when this distance is known can it be used to estimate the true surface potential13. 

Monitoring dynamic changes in cell membrane physiology would also be difficult with ζ-

potential measurements as they represent an ensemble value rather than a defined value at 

microscopic level. Therefore, there is an evident need for methods that allow membrane 

electrostatics to be studied at the nanoscopic level. Of other physicochemical assays that have 

been used most notably NMR, FTIR and EPR; fluorescence based techniques have emerged as 

the default choice for non-invasively measuring the electrostatic potential based changes in the 

biological membranes of intact cells. Unique features of fluorescence techniques are their 

ultimate sensitivity up to a single-molecule level and their ability to operate in biological systems 

of varying complexity, up to the level of living cells and tissues. 

1.4 Mitochondrial membrane potential and its measurement 

Elctrophysiological studies of intracellular structure, mitochondria, have a huge impact on 

cellular functions. Mitochondria, generally known as ‘powerhouse of the cell’, generates the 

‘power’, i.e. ATP, coupling redox potential to molecular phosphorylation1. Mitochondrial inner 

membrane has a crucial role in generating and maintaining the redox potential (commonly 

known as proton-motive force designated as ψ). The potential maintained by mitochondria is ~-

120 mV which is greater than the potential generated at the cell membrane of most of the 
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excitable cells17-19. This is a very interesting electrochemical situation as in this case a very 

highly charged environment is maintained due to hydrophobic membrane barrier. Though the 

core of the membrane is hydrophobic, the polar and charged heads of the amphipathic lipids 

interact with the highly localized distribution of ions (mainly protons). Mitochondria are one of 

the favorite systems for electrophysiologists as various manipulation techniques can be used to 

study the potential change. Change in mitochondrial potential is relevant in processes like 

bioenergetics, aging and apoptosis.   Though microelectrode techniques have been used for 

studying MMP, absorption and fluorescence based techniques have been predominant lately in 

this field12, 20-22. Fluorescence detectors are useful for both qualitative and quantitative studies of 

MMP 18.  

Most of the fluorescence detection techniques depend on fluorescence intensity signal. 

Fluorescence intensity, though very sensitive to the changes in local environment, gets affected 

by local concentration of the fluorophore as well. As determination of local concentration of 

fluorophore inside an intact cell is very challenging and not yet been done, it is impossible to 

avoid the artifact. Technique(s) that are not dependent on the fluorophore concentration can 

circumvent the concentration issue. In this study we focus to test one of the techniques, 

fluorescence lifetime - that is independent of local concentration, for measuring changes in 

mitochondrial membrane potential. The fluorophore we used for this study is a styryl dye LDS 

798. The solvatochromic and potentiometric properties of this dye were characterized in this 

study. Also, various tests have been performed to characterize its compatibility to live cell 

imaging. 
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CHAPTER – 2 

MOLECULAR BASIS OF SOLVENT EFFECT 

2.1 Molecular basis of fluorescence phenomenon  

To understand how some fluorescence indicators can sense and detect changes in ionic 

distribution, principle of fluorescence phenomenon and fluorophore-solvent interaction need to 

be reviewed. Fluorescence can be described as a spontaneous emission of photon(s) by a 

molecule after the molecule is excited with electromagnetic radiation of ultra violet, visible or 

near- infra red range (UV/Vis/NIR)23. The phenomenon of fluorescence can be explained by 

basic molecular orbital theory. After absorbing the electromagnetic radiation that can supplement 

the energy band gap of the molecules, the molecule goes to a higher energy state (or excited 

state) and ultimately returns back to the ground state by losing the energy24. This loss of energy 

is in form of light waves (radiative loss) and other processes (non-radiative loss). The radiative 

fraction is a photon emitted during the process. If the emission of photon is associated with the 

transition from singlet excited energy state (shown in Figure – 2.1) to ground state, it is termed 

as fluorescence23. In some cases, the excited molecule can transit to a triplet state. Transition 

from triplet to ground state is forbidden and the photon ultimately is released microseconds or 

milliseconds after the initial absorption of energy. This phenomenon is termed as 

phosphorescence25. Variety of dynamic processes, that occurs following light absorption, lead to 

partial loss of absorbed energy by non-radiative processes.  Thus, the emitted photon has less 

energy than the photon absorbed. This is evident in the emission spectra where number of 
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photons (collectively called intensity) are plotted as a function of energy. Generally energy of the 

wave is represented by wavenumber (υ) or wavelengths  (λ)as 

E  = h υ    =    hc/ λ         

Where, h is the Planck’s constant. 

Traditionally, fluorescence emission spectrum is plotted as intensity vs wavelength. So, decrease 

in energy of photon emitted results in shift of the distribution to longer wavelengths. This 

phenomenon was first described by Sir George Gabriel Stokes26 and is called ‘Stokes shift’.  

2.2 Solvent relaxation 

The fluorophores interact with their environment during the short time they stay in the excited 

state and are eventually affected by environment. This process of interaction with the 

surrounding environment is called solvent relaxation. 

 

Figure 2.1 – Energy level representation (Jablonski diagram) of solvent relaxation (left). Solvent 

relaxation result in change of spectral response which is represented in right. The shift of 

emission to longer wavelengths with solvents of smaller dielectric constants of DNS, a solvent 

sensitive fluorophore, can be seen in photograph (top right) as well in spectral recording (bottom 
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right).  The diagram is from Principles of Fluorsccence Spectroscopy (2006); third edition; by 

Lakowicz J. R. 

Spectral and radiative profiles of fluorphores are strongly influenced by the ionic or polarity of 

local environment 27. Solvent polarity is the major phenomenon responsible for Stokes shift. 

Solvent polarity can have a dramatic effect on emission spectra (Figure 2.1) and due to this 

reason, spectral analysis of fluorophore’s emission spectra in different solvents has been 

performed regularly. For application in biological system fluorophore’s interaction with proteins, 

membranes, and nucleic acids have also been studied to understand how a particular fluorophore 

behaves in a complex and dynamic system where effect of polarity is not uniform28. Figure 2.2 

shows some examples where effect of solvent polarity on fluorophore is successfully employed 

to understand biologically relevant physical properties of biomolecules.  Absorption 

spectroscopy is less sensitive to solvent polarity than emission/fluorescence spectroscopy. 

Absorption of light occurs in about 10
–15

 s, a time too short for motion of the fluorophore or 

solvent and so the molecule is exposed to the same local environment in the ground and excited 

states during absorption of photon. 

Upon absorption of photon, the fluorophore transits (excited) to the first singlet energy state (S1), 

usually to one of the excited vibrational level within S1. Vibrational relaxation leads to rapid loss 

of energy. If the fluorophore is excited to the second singlet state (S2), it rapidly decays to the S1 

state in 10
–12

 s due to internal conversion25. After this quick non-radiative loss of energy, the 

fluorophore stays at lowest excited energy state for a time period ranging up to few nanoseconds. 

During its stay in excited state, 



9 
 

 

Figure 2.2 –Application of solvent sensitive fluorophore in biological system. Tryptophan ;Trp, 

W; (top) the amino acids found in most of the proteins, is a solvent sensitive fluorophore. Protein 

unfolding-refolding can be studied by measuring the spectra and intensity of tryptophan at 

various stages of protein folding. DPH (middle) is another solvent sensitive fluorophore that is 

used to measure fluidity of biological membranes. DAPI (bottom) the fluorophore that is used in 

fluorescence microsopy to visualize nucleus, intercalates to the nuclear DNA and due to loss of 

solvent relaxation, produces fluorescence signal. 

Fluorophore induces and experiences change in the polarity of the surrounding environment with 

solvent molecules trying to orient them around the dipole moment of the excited state 

fluorophore. This results in some non radiative energy loss and the extent of this loss depends on 

the polarity of the environment (Figure 2.1). The emitting fluorophore is exposed to this changed 

local environment and the transition to ground state is from a lower energy level. So emission 

from fluorophores generally occurs at wavelengths that are longer than absorption wavelength. 

The time fluorophore spends at excited state (1–10 ns) are usually much longer than the time 
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required for solvent relaxation as solvent relaxation occurs in 10–100 ps in fluid solvents29, 30. For 

this reason, the emission spectra of fluorophores are representative of the solvent relaxed state. 

There are many situations where fluorophore can emit during the solvent relaxation process. In 

these cases emission spectrum represents an average of partially relaxed excited states23.  

Typically, the fluorophore has a larger dipole moment in the excited state (μE) than in the ground 

state (μG). In general, only fluorophores that are themselves polar display a large sensitivity to 

solvent polarity23. Nonpolar molecules, such as unsubstituted aromatic hydrocarbons, are much 

less sensitive to solvent polarity. One common use of solvent sensitive probes is to determine the 

polarity of binding site on the macromolecule. This is accomplished by comparison of the 

emission spectra and/or quantum yields when the fluorophore is bound to the macromolecule or 

dissolved in solvents of different polarity27, 31, 32. However, there are many additional instances 

where solvent effects are used. The effects of solvent and environment on fluorescence spectra 

are complex, and are due to several factors in addition to solvent polarity. The factors that affect 

fluorescence emission spectra and quantum yields include: 

 Solvent polarity and viscosity 

 Rate of solvent relaxation 

 Probe conformational changes 

 Rigidity of the local environment 

 Internal charge transfer 

 Proton transfer and excited state reactions 

 Probe–probe interactions 
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These multiple effects provide many opportunities to use these fluorophores as indicators of 

change in solution and large molecular assemblies23. 

2.3 Molecular theory of solvent relaxation  

Most of the fluorophore molecules have permanent or induced dipole. These molecules can be 

represented as point dipole with electric field (R). Thus the energy of the dipole (Edipole) will be 

               (2.1) 

The electric field R is the relative reactive field induced by the dipole and   is the dipole 

moment. R is parallel and opposite to the direction of dipole and its magnitude is proportional to 

magnitude of dipole moment, polarizability of the solvent (f) and inversely related to the third 

power of Ӧnsager radius23, 31, 32 a (the distance between the dipole entities). Thus R is given by 

  
  

             (2.2) 

Polarizability of the solvent is the result of  

a. mobility of electrons of the solvent that depends on the square of refractive index (n).  

     
    

     
        (2.3) 

b. orientation of solvent molecule’s dipole moment that depends on dielectric constant (ε). 

  ε  
ε  

 ε  
        (2.4) 

The first factor is comparatively faster than the second as electrons can reorient themselves much 

faster than the whole molecule24, 29, 30, 32. The difference of these two factors is termed as 

orientation polarizability (Δf) and is given by  
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Δ    ε   
ε   

 ε   
 

    

     
       (2.5) 

 

A fluorophore is in constant interaction with its solvent during absorption and emission. And can 

have two distinct dipole moments while it is in 

A. ground state (μG)  

B. excited state (μE) 

The electric fields experienced  by both the dipoles can be categorized as : 

A. Field due to electronic motion Rel given by,     
  

       (2.6) 

B. Field due to molecular dipole motion (orientation) Ror given by,     
  

     (2.7) 

At both excited state and ground state these interactions occur and result in deviation from ideal 

energy state seen in vapor phase23, 32. Thus during absorption,  

ground state energy of the fluorophore (E
G

abs) 

          
       

       
       (2.8) 

And excited state energy of the fluorophore (E
E

abs) 

          
       

       
       (2.9) 

Due to the very fast transition of the fluorophore from ground state to the excited state the 

molecular reorientation of solvent is not possible and the ground state electric field due to 

molecular orientation persist at excited state of the fluorophore during the transition24, 30, 32. 
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Thus the energy barrier the molecule has to cross to go to the excited state level can be given as 

the difference of Eq 2.9 and Eq 2.8. 

          
      

         (2.10) 

Similarly, the energy barrier that molecule has to cross when it returns from relaxed excited state 

to ground state can be given as  

        
     

         (2.11) 

Where,  

   
          

       
       

       (2.12) 

   
          

       
       

       (2.13) 

 

Figure 2.3 – Deviation in energy level of fluorophore in solution from that of the vapor phase 

(indicated as gas phase). Effect of solvent relaxation on the energy diagram is also depicted and 

physical meaning of the terms f (n ), f (ε) and Δf are shown. The diagram is from Principles of 

Fluorsccence Spectroscopy (2006); third edition; by Lakowicz J. R. 
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As the energy barrier crossed during transition from one state to other corresponds to the energy 

of absorbed or emitted photon, we can write,        (2. 14) 

So, Eq 2.10 and 2.11 can be written as 

           
      

         (2.15) 

         
     

         (2.16) 

Subtracting equation 2.15 from 2.10 we get, 

                  
      

     
     

      (2.17) 

As Stokes shift is defined as the difference between frequency of light absorbed by the molecule 

and frequency of light emitted by the molecule, 

            
 

  
     

      
     

     
      (2.18) 

Substituting the values of energy levels in Eq. 2.18 with the expressions derived in Eqs. 2.8, 2.9, 

2.12 and 2.13  and considering the energy of the any given fluorophore in vapor state is constant 

(resulting in all the Evap expressions to be considered as constant) we can express Eq. 2.18 as23 

              
 

  
             

     
  + constant     (2.19) 

Using Eq 2.7  we can substitute Ror expressions in terms of μ, Δf and a. The new expression thus 

will be 

             
 Δ 

            
  + constant     (2.20) 
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As the onsager radius, a, is supposed to be constant during the event of absorption and emission, 

Stokes shift depends upon the square of the difference of ground state and excited state dipole 

moment and orientation polarity (which in turn depends on dielectric permittivity and refractive 

index of the environment).  

2.4 Effect of excimer formation on solvent relaxation 

 In addition to molecular relaxation phenomena, other factors also can contribute to changes in 

fluorescence spectral and radiative properties. These factors augment the effect of molecular 

relaxation in some cases. One of the most studied factors is the isomerism of the fluorophore 

during excited state. Some fluorophore can form excited state isomers known as excimers when 

they absorb energy33. The formation of excimer might be favorable in certain environment. 

Mostly these isomeric states arise due to intramolecular charge or proton transfer known 

respectively as ICT (intramolecular charge transfer) and ESIPT (Excited state intramolecular 

proton transfer)23, 33. Formation of these excimers result in an altered excited state energy level 

and the molecular transition occurs from that altered state. The extent of excimer formation 

depends on many variable, of them in physiological conditions, ionic strength, phase transition 

and pH are crucial. 
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Figure 2.4 – Excited state isomers of stilbene (top) and the effect of intermolecular charge 

transfer (ICT, bottom). Electronic reorientation of various fluorophore leads to ICT. The solvent 

polarity has a crucial role in determining extent of ICT and the energy level of ICT (bottom). The 

spectral and radiative response of the fluorophore is indicator of the transition.  

 Phenomena like ICT and ESIPT effect both spectral and radiative rate of fluorescence and can 

be detected by spectral changes, intensity changes and changes in fluorescence decay profile. 

The characteristic feature of these phenomena is that, in most of the cases, two distinct isomers 

have two distinct patterns that can be mathematically resolved after analysis of the spectral or the 

decay profile.  
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CHAPTER 3 

SOLVATOCHROMIC RESPONSE OF POTENTIOMETRIC DYES  

3.1 Potentiometric dyes 

Potentiometric membrane dyes are employed to study cell physiology. The size of the voltage-

dependent signal, although certainly important, is by no means the only factor to be considered 

in choosing a dye. The initial approach of finding good potentiometric dye was by trial and error. 

Large number of dyes, with no or little correlation in their structures, was screened by Cohen and 

his group on the squid axon 12, 34-36. This exhaustive study led to the availability of a large number 

of organic dyes whose spectral properties are sensitive to changes in membrane potential. Also, 

this exhaustive study pioneered to identify the important parameters of dye chemistry that enable 

the dye to be a useful and practical indicator of potential. A simple yet practically applicable 

classification that emerged from these studies12 is based on the speed of their response to voltage 

changes. The dyes that can respond the voltage changes that occur in excitable cells or tissues are 

regarded as ‘fast dyes’. These dyes respond fluorescently to voltage changes within a millisecond 

due to intramolecular rearrangement in its chemical structure. ‘Slow dyes’ responds to slow, but 

sustained changes in voltage which, may be due to hormonal responses in nonexcitable cells or 

the change in activity of energy transducing organelles. These slow dyes have electrostatic 

charges and their response is based upon the rearrangement of distribution of the molecules in 

response to altered electric field37.  
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Figure 3.1 Mechanism of action of ‘slow’ potentiometric dyes (A) and fast potentiometric dyes 

(B and C) are shown. The slow dyes work in Nernstian way as they distribute themselves along 

the membrane according to the membrane potential. Fast dyes either go through a protonation-

deprotonation cycle in response to change in potential (B) or an electronic reorientation (C) due 

to change in potential. In case of slow dyes, response can be detected by change of fluorescence 

intensity (radiative change) while for fast dyes the response accompanies spectral changes along 

with radiative change. (Adapted from Demchenko and Yesylevskyy; Chemphyslip 2009): 

 

Interestingly, in addition to identifying the range of applications accessible to potentiometric 

indicators, this classification also divides the existing potentiometric indicators into realms of 

mechanism and sensitivity. Electrochromic and Nernstian redistribution of the dye to electric 

field is the molecular basis of fast and slow potentiometric dyes respectively. Electrochromism 

results in intramolecular rearrangement of charges while Nernstian distribution leads to physical 
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distribution of the fluorophore molecules along the electric field5. Thus, Electrochromic dye are 

efficient in sensing fast and high threshold changes in electric field while Nernstian dyes are 

more sensitive to detect sustained but slow changes in electric field5.  

3.2 Factors quantitatively effecting electrochromism  

The electrochromic dye senses the integrated electric field38. Whenever an electric field is 

produced, some averaging and integration of the electric field takes place ultimately resulting in 

reorientation of the charges in the fluorophore molecule. The mesoscopic approach5 that 

considers the dye π-electronic system as a point dipole, the electric field as a vector         that 

averages all the fields influencing this system and its surrounding, with effective dielectric 

constant of the medium being εef, can be used for the description of electrochromism in the 

simplest dipole approximation. The direction and magnitude of the shift, Δobs, is proportional 

(in this approximation) to the electric field vector         and the change of dipole moment 

associated with the spectroscopic transition Δμ       : 

        
 

ε  
                    (3.1) 

Where, θ is the angle between the dipole moments and the electric field. This equation indicate 

that for maximal sensitivity to electrostatic potential, the probe dye should exhibit substantial 

change of its dipole moment Δμ        on electronic excitation, which implies a substantial 

redistribution of the electronic charge density4, 5, 5, 37. Furthermore, the dye should be located in 

low-polar environment (low εef) and oriented parallel (cos θ = 1) or anti-parallel (cos θ =−1) to 

the electric field4. It is also important that the correlation between the electric field strength and 

the spectroscopic effect within the applied approximation is linear, which allows, in principle, 



20 
 

easy calibration of this effect in absolute values. Such electrochromic mechanism allows 

obtaining very fast response, which can be understood from its electronic nature that does not 

require re-location of molecules or of their groups. Electrochromism allows detecting the 

response to the changes in electric field in any medium23.  

3.3 Styryl dyes  

Styryl dyes and particularly 4-dialkylaminostyrylpyridinium derivatives with electron-donor and 

electron-acceptor substituent at the opposite ends of their rod-shaped aromatic conjugated 

moieties are among the best known electrochromic dyes 5, 39, 40. When excited, these dyes show 

one of the most dramatic changes in dipole moment. They exhibit efficient excited-state re-

location of electronic charge. In the excited state a partial positive charge is reversed by 

electronic intramolecular charge transfer (ICT) from dialkylamino group to aminophenyl 

moiety4, 5. An external electric field, as seen in membranes of excitable tissue or mitochondrial 

inner membrane, along the extended π-electron system can modulate electronic polarization of 

these compounds5. Therefore these dyes can exhibit detectable spectral shifts, and these shifts 

can be modulated by the external electric fields operating on a molecular scale 40. These spectral 

shifts can be recorded (in either excitation or emission spectra)41 and can be correlated with the 

extent of the electric field. The ratio of these intensities provides ratiometric response, which 

ideally should not depend on the probe concentration. Regarding the sensitivity to 

transmembrane potential, the magnitude of this two wavelength intensity ratio is still not very 

large, about 7–10% per 100mV4. These values are influenced by membrane composition. 
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Figure 3.2 – Electronic reorientation of electrochromic styryl dye 4-Dialkyl 

aminostyrylpyridinium Di-4-ANEPPS upon excitation. This orientation gives rise to an ICT 

excimer and the extent of formation depends upon the local electric field too. 

 Most of the styryl dyes used for fluorescence studies with biological samples are have been 

aminostylyl pyridinium (ASP) derivatives. Typically, their lipophililic alkylaminophenyl ‘tail’ is 

connected to electron withdrawing pyridinium ‘head’ group through conjugate bond(s). The tail, 

to which usually two aliphatic hydrocarbon chain is linked, is responsible for its membrane 

binding. Increased number of carbons in that hydrocarbon chain increases the hydrophobicity of 

the tail region ensuring that the tail will be embedded to the membrane and not dissociate easily. 

Though this feature is useful, inclusion of longer chain impedes its solubility in water and thus 

complicates the staining protocol. Styryl dyes used for plasma membrane staining have 7-14 

carbon chains. While dyes used for monitoring transport or mitochondrial activity have 1-2 

carbon attached to the tail. The head group determines its membrane permeability. Dyes with 

small alkyl group and only one cation generally stains the mitochondria. While dyes with one 

cation and one anion at their head group are largely amphoteric. These dyes are ideal to measure 

membrane potential of excitable cells. For studying processes like endocytosis, styryl dyes with 

more than one cations are useful. Presence of excess of positive charge decreases its probability 
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of diffusing through the membrane. The spectral properties are determined by fluorophore 

nucleus. This generally, is guided by the number of aromatic rings and the conjugate bonds that 

join head and tail region 42. Figure 3.3 shows the structure of some aminophenylstryrl pyridinum 

dyes that are commercially available and whose structures play significant role in its cellular 

localization. 

   A) FM 4-64 (staining exocytosis/endocytosis in active cells) 

 

B) RH- 421( Recording electrical potential of excitable cells/ tissue) 

 

   C) DASPMI (Recording mitochondrial membrane potential ) 

 

Figure 3.3 – Structures of commercially available aminophenylstyryl pyridinium dyes (taken 

from Invitrogen’/molecular probes website). The common feature of all these dyes are the 

aminophenyl moiety (in the right) and pyridinium moiety (in the left) are connected via  

conjugate double bond found typically in styrene like molecule. This connected structure is the 

core responsible for fluorescence properties. The ‘head’ region at pyridinium end is modulated 

for restricting/ allowing cellular permeability, the aliphatic group at aminophenyl ‘tail’ region 
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confers solubility in water and lipid membrane. FM 4-64 (A) is used as a marker to study 

endocytosis or exocytosis . Divalent cations are introduced in head to make it impermeable to 

membrane. RH-421(B) is  used to measure action potential. Introduction of an anion makes the 

head region zwitterionic at neutral pH. Long aliphatic group at the tail ensures that its partition 

coefficient is very high and thus its poorly soluble in water and segregates to membrane lipids. 

DASPMI (C) is monocationinc molecule with a short aliphatic tail. It permeabilizes through cell 

membrane and segregates to mitochondria due to high negative mitochondrial potential. 

In an aqueous environment, the dielectric properties of water induce high non-radiative decay 

rates and thus render the molecule non-fluorescent. The free movement of the dye can also lead 

to increase in non-radiative decay 23. Once the polarity decreases, the radiative decay becomes 

substantial and this results in a detectable fluorescence signal. Though there are other factors, 

including aggregation of the dye in water and charge shift of the dye in the excited state that may 

contribute to the spectral characteristics of the dye, the solvatochromism still exerts a major 

impact on the dye’s spectral properties 43, 44. 

 3.4 LDS 798 or Styryl -11 

 

Figure 3.4 – Structure of LDS 798 or styryl -11 and possible excited state isomer. The structure 

resembles to that of  DASPMI. The major difference is the presence of quinolinum moiety 

instead of pyridinum moiety in DASPMI. 
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Styryl-11 or LDS 798 (1-Ethyl-4-(4-(p-Dimethylaminophenyl)-1,3-butadienyl)-quinolinum 

percholate) is a styryl compound that contains monocationic quinolinum group instead of the 

pyridinium group of ASP dyes and has a rather short dialkylaminophenyl ‘tail’ region 44. In 

ethanol its peak absorption is at 580 nm and peak emission is at 770 nm making it a useful near 

infra-red dye. Near infra-red solvatochromic dyes have been shown to be used for studying 

tissues in-vivo 45 and are specially useful for imaging as the contribution from autofluorescence 

is minimal.   

                        

Figure 3.4 – Spectral (left) and decay (right) profile of LDS 798 in water and methanol. The 

profiles show an indication that LDS 798 might demonstrate electrochromic properties as other 

styryl dyes. (Figures taken from Luchowski R et. al. (2009), Rev. Sci. Instrum. 

LDS 798 has been used as a laser dye and has a very weak fluorescence in aqueous solution 

(quantum yield of 0.002) 46, 47. Previous studies have shown that LDS798 has a very short 

fluorescence lifetime in water (<20 psec) while its lifetime increases in ethanol and in polymer 

films47. Stoke’s shifts have been found to be higher in water than that in ethanol. The purpose of 

this study was to characterize the solvatochromic properties of this aminophenyl styryl 

quinolinum (ASQ) dye and compare these features with those of established (well studies) ASP 
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dyes. Recent studies on the structure and fluorescence properties of ASQ dyes indicate that their 

quinolinum group acts as the electron acceptor while the aminophenyl group acts as the electron 

donor48.  
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Chapter -4   

FLUORESCENCE BASED APPROACHES TO MEASURE MITOCHONDRIAL 

MEMBRANE POTENTIAL 

 

4.1 Mitochondrial membrane potential and its relation to cellular health 

Mitochondrion is the organelle that is primarily known as the powerhouse of the cell. Recent 

studies on mitochondria reveal that the organelle plays important roles in redox homeostasis, 

lipid modification, calcium homeostasis, and cell death processes49. ATP synthesis, the classical 

function of mitochondria occurs mainly at inner membrane where a transmembrane gradient of 

ions is maintained. This gradient that generates mitochondrial potential is indispensable for ATP 

production through oxidative phosphorylation. Figure 4.1 provides a schematic representation of 

the electron transport chain in the inner mitochondrial membrane and how it results in the 

transmembrane ionic gradient. 

 

Figure 4.1 – Schematic diagram showing the distribution of ions around the inner membrane of 

an active mitochondrion. The asymmetric distribution of protons along the membrane generates 
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a potential. Diagram from Biochemistry; 2
nd

 edition by Mathews C.K. and van Holde K. E.; 

Benjamin Cummings publication. 

  

In conditions where mitochondrial membrane integrity is compromised, the membrane potential 

is lost and ATP synthesis through electron transport chain is disrupted. Hence, mitochondrial 

potential50, can be an indicator of mitochondrial integrity and functionality. Mitochondrial 

potential can be used as a marker for various physiological processes51. Apoptotic processes 

involve mitochondria in most of the cases 2. Activation of some pro-apoptotic molecules lead to 

disruption of mitochondrial integrity and release of some other downstream pro-apoptotic factors 

like cytochrome c52. Disruption of mitochondrial membrane integrity leads to decrease in ψm and 

that can be used as indicator of apoptosis19. Also, mitochondrial damage in healthy cells leads to 

their autophagy known as mitophagy. During the process of aging, mitophagic activity slows 

down and cells accumulate damaged mitochondria that lack mitochondrial potential51. 

Determining the relative number of depolarized mitochondria in a cell can indicate aging of the 

cell. The ubiquitin-ligase Parkin, whose loss-of-function causes Parkinson’s disease, is 

selectively recruited to dysfunctional mitochondria and causes their autophagy-mediated 

degradation 53. This  suggests that Parkinson’s disease may be at least in part associated with 

failure to eliminate dysfunctional mitochondria and monitoring abundance of dysfunctional 

mitochondria can help in disease prognosis 51. 

4.2 Early studies on mitochondrial membrane potential 

Early studies with isolated mitochondria have characterized mitochondrial potential changes. 

These studies were done by measuring concentrations of radioactive tracer ions in response to 

applied electric field or various ionophores. Also, K
+
 ion influx was measured by using patch 
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clamp techniques. These studies, though significant, reported conflicting results from various 

groups and there was high contribution of artifact during the processing. Also, they did not report 

mitochondrial potential in its physiological environment. This generated interest in measuring 

membrane potential of mitochondria in intact cells. Available micro-electrode techniques were 

supplemented with microscopy for achieving micron-range spatial resolution. Initial 

mitochondrial stains were saffranin, Anilino-naphthalene sulfonamide (ANS) and Di-o-C5 
22. 

Most of these dyes were actually solvent sensitive in nature and were not specific for 

mitochondria. This resulted in very high noise-signal ratio. Cyanine dyes were one of the first 

groups of dyes that were found to have some specificity for mitochondria. Dyes like DiS-C2-5 

and DiO-C6 were used for isolated mitochondria and intact cell mitochondrial membrane 

potential. Discoveries that confirmed rhodamine based dyes are selectively localized in 

mitochondria 20, 54 were pivotal in fluorescence based studies of  ψm. It was also found that 

distribution of these dyes in the cell depends on mitochondrial potential.  

 

4.3 Mitochondrial targeting of ‘mito-tracker’ compounds 

Careful studies in the fields of fluorescence and photodynamic therapy field reported that several 

cationic molecules distribute electrophoretically into the mitochondrial matrix in response to the 

electrical potential across the inner mitochondrial membrane 17, 20, 21, 55. The accumulation takes 

place as a consequence of their charge and of their solubility in both or either inner membrane 

lipids and the matrix aqueous space18. Due to which molecules with lipophilic cationic group and 

fluorescence properties have been extensively employed to measure the mitochondrial electrical 

potential exploiting their spectroscopic properties18, 21, 49, 56.  
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4.4 Fluorescence based approaches to measure mitochondrial potential  

Three types of dyes have been used to measure Δψm. In all the techniques ratiometric changes in 

fluorescence intensity have been used to achieve the results5, 18. But the basic mechanisms that 

lead to change in intensities at different wavelengths are distinctly different. For dyes like 

rhodamine 123, fluorescence quenching is monitored18, 49. For proton dependent dyes like JC-1, 

change in fluorescence spectra is monitored5. And for styryl-based dyes, change in excitation 

spectra is monitored5. A diagrammatic representation of dye’s response to potential changes have 

been shown in Figure 3.1. 

Proper calibration of fluorescence intensity changes using defined potential across mitochondria 

allow to estimate the change in magnitude of proton gradient, ψ 50, 56, 57. Figure 4.2 depicts a 

classical example where ratio of fluorescence intensities at two different wavelengths is 

correlated to mitochondrial membrane potential. Without calibration, changes in fluorescence 

signal can be used to monitor the qualitative response of Δψ to perturbation by external chemical 

or physical agents.  

In case of isolated organelles the potential-dependent uptake induces fluorescence quenching. 

Quenching is probably seen due to aggregation or stacking of the dye after accumulation 56. 

Incidentally, the fact that dye accumulation induces fluorescence quenching in isolated 

mitochondria suggests that the fluorescence enhancement observed in intact cells is due to 

relatively low accumulation of the dye in intact cell18. The use of such ‘potentio-metric’ probes 

with fluorescence microscopy and spectroscopy allows estimation of Δψm in individual living 

cells and big cellular population. These approaches of Δψm. are valuable for understanding basic 

energy metabolism and its dysfunction in pathologic cells. But intensity based measurements still 
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do not indicate the exact photophysical changes happening in the dye and its environment. The 

effect of local concentration is not very well understood with intensity changes.  

Fluorescence lifetime measurements provide an alternate and more direct approach to understand 

fluorescence photophysics. Lifetime is not dependent upon the local concentration23, but 

responds very specifically to internal quenching as well as solvatochromic changes. 

 

Figure 4.2 – A classical case where ratiometric fluorescence method was used for determination 

of mitochondrial membrane potential. Isolated mitochondria were used for the study and 

Tetramethyl rhodamine (derivative of Rh 123) was used as the fluorescence indicator. TMR 

fluorescence was calibrated to membrane potential. Figure from Solaini et. al. Biosci Rep. 2007. 

4.5 Fluorescence Spectroscopy  

Fluorescence spectroscopy has been applied to investigate membrane potential for more than 40 

years22. The cells or the isolated mitochondrial extracts are suspended in a cuvette and analyzed 

in a relatively inexpensive fluorometer22. It can detect Δψm of the whole population but not of 

individual cells or mitochondria. Change in spectra or signal is due to the potential change of the 

whole ensemble and individual details are lost.  
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Rhodamine group of dyes have been used regularly for spectroscopic approach. In cells or 

isolated organelles, Δψ with rhodamine dyes can be monitored by two approaches called 

‘‘quench mode’’ and ‘‘non-quench mode’’18. Non-quench mode has not been despite its 

considerable sensitivity to detect small changes in mitochondrial potential (few mV).  Intensity 

changes observed during this mode may become non-linear to Δψm if the local concentration of 

dye reaches ‘quench threshold’ or the dye specifically binds to some components in one of the 

mitochondrial compartments18. Therefore, for intensity based spectroscopic measurements, the 

quench mode is widely used, as it can monitor relevant changes in Δψ, with a good level of 

reliability. 

4.6 Fluorescence microscopy and laser-scanning confocal fluorescence microscopy 

Optical microscopic techniques can provide spatially resolved suggestive images of 

mitochondria in an intact cell.  These microscopic techniques are widely used due to the 

possibility of observing even single mitochondrion, their distribution and their organization as 

reticular networks or single organelles in a cell. This is particularly important also because it 

allows evaluation of the heterogeneity of the Δψm within single cells 54, 58. In addition, these 

techniques monitor co-localization of molecules and associated phenomena within single cells. 

Recent advances in confocal microscopy technique offers better spatially resolved results by 

controllable depth of field59, 60. This eliminates the out-of-focus information that degrades image 

quality and enables serial collection of optical sections (z-sections) from thick specimens60. 

Confocal microscopy has been extremely popular in recent years due, to the relative ease with 

which extremely high-quality images can be obtained from specimens prepared for conventional 

optical microscopy18, 59, 61. However, this high resolution has a shortcoming since the imaging 

field is rather limited. It is difficult to obtain reliable Δψ estimates in cell populations.  
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Among the most significant technical challenges for performing successful live-cell imaging 

experiments is to maintain the cells in a functional and healthy state on the microscope stage 

while imaging61. Quantitative three-dimensional imaging in fluorescence microscopy is often 

complicated by artifacts due to specimen preparation (coverslip thickness, quantum efficiency, 

and the specimen embedding medium), controllable and uncontrollable experimental variables 

(bleaching artifacts, inner filter phenomena), or configuration problems with the microscope, 

including laser system, optical component and alignment immersion oil50.  

4.6 Flow cytometry 

This technique offers the advantage of being able to estimate the intracellular fluorescence of 

cells in the culture media and to evaluate heterogeneity of a cell population due to the different 

levels of the mitochondrial membrane potential in single cells. Therefore, flow cytometry is 

conveniently used when one wishes to compare Δψ in two populations of cells 57, 62, 63. This 

technique is especially suitable for non-adherent cells. The adherent cells are required to be in 

suspension, and require either scraping or trypsinization, which induces oxidative stress, 

therefore affecting the membrane structure and function18. Reliable data are obtained particularly 

when analyzing intact cells. Plasek et al. (2005)64 developed a flow-cytometric method for 

monitoring mitochondrial membrane polarization using TMRM and expressed the results in 

millivolt range. 

 

4.7 Advanced microscopic techniques 

The ratio of fluorescence intensity between the mitochondria and adjacent mitochondria-free 

cytoplasm can in theory be put into the Nernst equation to derive Δψ. In practice, the resolution 
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of the confocal microscope is insufficient to image just the mitochondrial matrix50 (Nicholls and 

Ward 2000). More advanced imaging techniques are being developed to achieve nanometer 

resolution. With this technology, mitochondrial sub-compartments can be resolved. Recent 

studies with these nanometer-scale imaging approaches have focused on fixed cellular 

preparations to look into compartments of mitochondria65 (Figure 4.3).  Though, live cell 

imaging of mitochondrial potential have not yet been reported, theoretically it is possible.  

 

Figure 4.3 – Mitochondria ultra-structure imaged by Stimulated Emission depletion (STED) 

microscopy. From Schmidt et.al. Nature Methods, 2008. 

In the last decade, various efforts have been made to integrate advanced fluorescence 

spectroscopic methods to confocal microscopy. These efforts have made single molecule studies 

possible and allowed to measure fluorescence phenomenon like fluorescence lifetime in a femto-

liter volume66. Also, by applying confocal configuration processes like fluctuation correlation 

have been developed. These new confocal microscopy based techniques have facilitated sub-

resolution studies even before the advent of super-resolution microscopy.  Fluorescence lifetime 

imaging microscopy (FLIM) has been extensively used to detect protein-protein interaction in 

live intact cells23. This technique measures fluorescence lifetime of the fluorophores visualized in 

the cells. Fluorescence lifetimes of potentiometric fluorophores are affected by their 

environment. But FLIM is not popular for measuring lifetimes of the potentiometric dyes. In this 
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study, we focus on application of FLIM for measuring Δψm in intact live cells. As lifetime 

approach is independent of the local concentration it will be more informative about the local 

environment of the dye23. Also average lifetime is a statistical parameter unlike fluorescence 

intensity. Thus, minor changes in lifetime parameter actually indicate significant changes in 

dye’s local environment. 
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CHAPTER - 5 

GOAL AND SPECIFIC AIMS OF THE STUDY 

Studies on solvent induced fluorescence properties of styryl dye LDS 798 to develop in vivo 

and in vitro assay techniques. 

Styryl compounds have been used as dyes in measuring live cell activity due to their solvent 

sensitive fluorescence (solvatochromic) properties. Their use in measuring action potential is 

well documented. They have also been used to study vesicle trafficking and to measure 

mitochondrial functionality. The feature that makes styryl dyes attractive for membrane studies 

is their spectral and radiative response to local environment polarity. 

Styryl-11 or LDS 798 is a styryl compound. Its near infra red (NIR) fluorescence properties 

make it a powerful candidate for in-vivo fluorescence imaging.  

With the recent advent of fluorescence based technologies, like fluctuation correlation 

spectroscopy, fluorescence lifetime imaging and other techniques, styryl dye’s response can be 

used to obtain detailed information on complex phenomenon. We propose to investigate how 

LDS798 solvatochromism can be used with the modern fluorescence techniques to probe 

systems of biomedical significance.  

The Goal of the study is to apply solvatochromic properties of styryl dye, LDS 798, in 

biomedically relevant assay techniques. 
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Specific Aim 1: To characterize the solubility profile and solvatochromism photophysics of LDS 

798. 

Initial studies indicate that stokes shift and fluorescence lifetime of LDS 798 is dependent on 

polarity and viscosity of the environment. LDS 798 is found to be very weakly fluorescent in 

water, but its fluorescence increases in less polar solvent like ethanol. These changes in 

fluorescence are generally attributed to its induced dipole. Thus characterizing the photophysics 

can provide some insights about its behavior in heterogeneous cellular environment. 

Specific Aim 2: To study applicability of  LDS 798 in cellular staining. 

Styryl dyes have been found to label various cellular organelles like the plasma membrane, 

endocytic and exocytic vesicles and active mitochondria. LDS 798, with its near IR spectral 

property, can be an ideal fluorophore for subcellular staining due to high signal-to-noise ratio. 

We would like to study cellular localization of LDS 798 and evaluate its toxicological effects in 

cultured cell lines. 

Specific Aim 3: To apply lifetime-based imaging techniques and fluctuation based correlation 

techniques with LDS 798 staining for in vitro and in vivo studies. 

Traditionally, change in fluorescence intensity has been used to quantify cellular changes. 

Fluorescence lifetime has an edge over intensity as it is not dependent on the concentration of the 

fluorophore and is used in direct determination of environmental changes. For analyzing effects 

of solvatochromic dye like LDS 798 in a cellular environment, lifetime approach will be more 

efficient than intensity imaging.  
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Techniques like correlation spectroscopy provides more information about dynamics associated 

with molecular movement. Combination of these techniques accompanied by solvatochromic 

effect of LDS 798 will be used to determine whether LDS 798 fluorescence can be used for 

functional imaging of cells.  

 

 Significance: Cellular activities like calcium efflux, pH changes and potential changes have 

been measured using fluorescence intensity of various environment sensitive dyes. These 

measurements need to be ratiometric in most of the cases to avoid the effect of fluorophore 

concentration. This creates complexity in the data collection scenario and finer spatiotemporal 

details are lost.  

Techniques like FCS and FLIM are insensitive to dye concentration and provide information 

from structures beyond optical limits. Thus, spatiotemporal analysis of the finer structures is 

simplified. Application of these techniques for biomedical studies with polarity sensitive NIR 

probe, LDS 798, will provide a novel tool to understand polarity dependent processes in vivo and 

ex vivo. 
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CHAPTER - 6 

MATERIALS AND METHODS 

LDS 798 was purchased from Exciton (Dayton, OH) and used without any further purification. 

1,4- dioxane, ethyl acetate, dichloromenthane (DCM), 1-octanol, ethanol, methanol, N,N-

dimethyl formammide (DMF), dimethyl sulfoxide (DMSO) were purchased from Sigma- 

Aldrich or Fluka (St. Louis, MO). 1-Butanol, 2-propanol, acetonitrile and chloroform were 

purchased from Fisher Scientific (Pittsburgh, PA). All the solvents were spectrophotometric 

grade. Deionized water used for the experiments was from Milipore distillation system. 1,2-

dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DMPG), 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC) was purchased from Avanti polar lipids (Alabaster, AL). Sodium 

dodecyl sulfate (SDS) powder and Triton X- 100 was from Sigma-Aldrich (St. Louis, MO). 

6.1 Preparation of phosopholipid bilayers and High density lipoprotein-like nanoparticles 

For SUV preparartion, stock solution of lipids was prepared in chloroform. Lipid films were 

prepared by evaporating the chloroform in inert environment under steady flow of Argon gas. 

Lipid films were then hydrated with phosphate buffered saline supplemented 500 μM EDTA. 

After hydration, the samples were sonicated till clarity with 2 minute pulses of sonication with 

ultrasonic processor UP200H system (Hielscher Ultrasonics GmbH, Germany) followed by 

resting phase in ice.  

The cholate dialysis procedure used was based on the procedures described for discoidal  rHDL 

particles  67-69. A mixture of Egg yolk phosphatidyl choline (15 mg), free cholesterol (0.35 mg) 

and cholesterol oleate (0.15mg) all in chloroform were dried down under nitrogen.  Apo A-1 (5 
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mg) or ApoA1-mimetic 5A peptide (1mg) and 3% DMSO were mixed.  14 mg sodium cholate 

was added and volume was made up to 2 ml with buffer (10mM Tris, 0.1M KCl, 1mM EDTA 

pH 8.0). The mixture was incubated overnight at 4
0
C.   

The mixture was then dialyzed against 2 liters of 1X phosphate buffered saline for 48 hours with 

change of buffer every 2 hours on the first day, 3 times on the second day and later kept 

overnight.  The mixture was centrifuged for a quick spin and then sterilized by passing through 

0.45µM filter (Millipore, MA).  

The hydrodynamic volume of these SUVs and nanoparticles was estimated using dynamic light 

scattering Nanotrac Particle Size Analyzer (Nano Track; ISee imaging systems, Raleigh, NC). 

 6.2 Cell culture techniques and staining protocol 

For imaging, the cell cultures were performed in 35 mm radius glass bottom dishes that had 10 

mm size 0 coverslips (Mat-tek Corporation; Ashland MA). NIH 3T3 and HEK 293T cell lines 

were maintained in DMEM / high glucose medium (Invitrogen, Carlsbad CA ). MDA MB -231 

cells were maintained in DMEM low glucose medium (Invitrogen, Carlsbad CA). MCF-7 and 

SKOV-3 cell lines were maintained in RPMI 1640 medium supplemented with 2 mM glutamine. 

All the culture media were supplemented with 10% heat-inactivated fetal bovine serum 

(Invitrogen Carlsbad) and 1% antibiotic antimicrobial (ABAM) solution (Invitrogen, Carlsbad 

CA) and kept in a humidified incubator at 37°C with 95% air and 5% CO2. 

For staining with LDS 798, a stock solution of 10 -30 mM of LDS 798 in DMSO was prepared. 

The stock was diluted in the media used to maintain the cell culture to prepare 5nM – 3μM 

working concentration. For initial experiments to check whether LDS 798 can be used for 

imaging, cells were incubated in the dye containing media for 30 minutes  in humidified 
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incubator mentioned before and then culture media with the dye was replaced by the same media 

with no dye and were immediately used for imaging.  For experiments with mitochondrial 

uncoupler, 1-3 μM of FCCP (p-trifluoromethoxy carbonyl cyanide phenyl hydrazone) was added 

to the culture while the LDS stained cells were kept in imaging chamber.  

6.3 In vitro cytotoxicity study by MTT Assays:  

In vitro cytotoxicity of LDS 798 was determined on Ovarian cancer cells SKOV-3 and non 

malignant cells, human embryonic kidney cells (HEK-293) by standard MTT assays. Cells were 

seeded on a 96 well plate at a density of 7,000 cells per well.  Once cells were attached to the 

plates (18-24 hrs), they were washed with 1X phosphate buffered saline (PBS).  A serum free 

medium containing different concentrations of LDS 798 (0.6 nM to 6μM) was added in the 

wells.  In one row LDS 798 was not added and in another, DMSO was added (as LDS 798 used 

was dissolved in DMSO). These two rows were used as controls. The plates were incubated at 

37
0
C and 5% CO2 for 24 hours.  The MTT compound (3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) was then added in each well at 0.125 mg/ml.   The plates were 

incubated at 37°C for 3 hours and centrifuged at 1200 rpm for 5 minutes.  The supernatant from 

each well was removed and was replaced with 200 µL DMSO.  The absorbance at 570nm was 

measured on a Bio Rad Microplate reader model 3550. Each drug concentration was tested with 

at least 6 replicates. 

6.4 Spectroscopic studies and mathematical models 

Extinction coefficient of LDS 798 in ethanol was reported by the manufacturer 44. Equal amount 

of LDS 798 was dissolved in equal volume of ethanol, octanol and water. Then, samples were 

diluted to various concentrations and optical densities were measured in Cary 50 Bio (Varian 
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Inc., Australia) spectrophotometer. The absorptions were plotted as a function of concentration 

calculated using extinction coefficient of LDS 798 in ethanol.  

Partition coefficient (log P) was measured by shake-flask method 70. In brief, supersaturating the 

mixture of 1:1 water: octanol with LDS 798 was shaken vigorously at room temperature (~20°C) 

overnight and 500 ul aliquots were taken from both water and octanol phase. The aliquots were 

diluted with their respective solvents and absorption was measured.  

For steady state fluorescence spectroscopic measurements, Cary Eclipse spectrofluorometer 

(Varian Inc., Australia) was used. In most of the measurements the samples were excited with 

530 nm light and a 570 nm long pass filter was used before the detector to minimize the effect 

due to scattering. For fluorescence spectra measurement of small unilamelar vesicles (SUV)s in 

aqueous solution of LDS 798, excitation of 470 nm was used and 530 long-pass filter was used at 

observation in those cases. Absorption values of the samples at 530 or 470 nm were used to 

correct the difference in fluorescence intensity due to variable excitation. All the samples used 

had an optical density less than 0.2, but greater than 0.02 at 530 nm. For absorption 

measurements with SUVs, the scattering due to SUVs was measured with the samples in PBS 

without LS 798. These values were then subtracted from the absorption values of the SUV 

samples in LDS 798 solution. 

Quantum yield was calculated using cresyl violet in ethanol (quantum yield 0.54) as reference 

solution. The expression used for the calculation was 

2
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Where, Q and QR are quantum yields of the sample and reference, I and IR are the fluorescence 

intensities area under the curve for the sample and reference, abs is the absorption of the samples 

at the wavelength that was used to excite the samples and n is the refractive index of the 

solvents. 

For measuring the effect of solvent relaxation Lippert – Mataga (LM) expression was used. 

According to LM orientation polarizability, Δf, was calculated as. 
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Where, ε is the bulk dielectric permittivity. 

Stokes shift for LDS 798 in solvents with different dielectric constant was plotted as a function 

of orientation polarizability of those solvents. And the square of the difference in   ground state 

and excited state dipole (μE- μG)
2
 was calculated as the slope of the linear fit of the plot as 

depicted in Equation 2. 20.   

orientation polarizability according to simplified Bilot - Kawski (BK) equations  was also with 

following equations 
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Difference and sum between the absorption and fluorescence wave frequency was correlated to 
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and the ratio of excited and ground state dipole moment was calculated using the following 

expression. 
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For lifetime measurements, FluoTime 200 (PicoQuant GmbH, Germany) time domain 

spectrofluorometer was used. This spectrofluorometer contains cooled Multi-channel plate 

detector (Hamamatsu, Japan) and is accessorized with a monochromator at the observation. A 

470 nm laser diode (LDH-PC- 470) was used as the excitation source. This laser diode has a 

pulse width of <70 psec. The fluorescence decays were fitted with FluoFit version v-4.0 software 

(PicoQuant GmbH, Germany) using multiexponential deconvolution model 
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Where IRF (t΄) is the instrument response function at time t΄, α is the amplitude of the decay of 

the ith component at time t and τi is the lifetime of the ith component.  

Radiative and non radiative rate constants for LDS 798 in different solvents using following 

equations 
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6.5 Imaging and fluorescence lifetime-based microscopy (FLIM) 

For imaging live cells, MicroTime 200 confocal fluorescence lifetime microscope system 

(Picoquant GmBh, Germany) was used. Imaging can be done with both intensity and lifetime 

modes simultaneously using this system. This system consists of an inverted microscope 

(Olympus IX -71) with 4 pulsed laser diode for excitation of which, diode with 475 nm 

excitation and 635 nm excitation were used in this study. Both lasers have a pulse width of < 100 

psec and for imaging cells, 10-50 nW of effective laser power (calculated from the calibration 

curves supplied by the manufacturer) was used. A water objective (60X magnification) and 

confocal pinhole of 50 μm radius were used for imaging. Glass bottom dishes were placed in 

custom-made holders to avoid any unwanted movement while maintaining the culture 

conditions. 650 long pass filters were used to filter the laser excitation as well as the 

autofluorescence signal. The detectors used were avalanche photodiode (APD) detector from 

Perkin- Elmer Corp (Germany).  The collected data from the instrument was integrated in a time 

correlated single photon counting system (PicoHarp 300; PicoQuant GmBh, Germany) and was 

analyzed in SymphoTime (version -4.2) (PicoQuant GmBh, Germany). Average lifetime (τav) 

was calculated as 

    
       

  

       
         (6.10) 

Lifetime histograms (lifetime distribution), that show the frequency of lifetimes in an entire 

image, were used for analysis. It is determined by contribution of lifetime component on overall 

intensity of the images. 

For colocalization experiment, the emitted light was first filtered with 500 lp long-pass filter and 

then separated by dichroic mirror DCXR 650 in to two different detectors. Lifetime gated 
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analysis was done to check contribution of one dye on the other detector (bleeding). The analysis 

showed that <1% bleeding was seen in detector specific for rhodamine 123 while <0.1% 

bleeding was seen in detector for LDS 798. 

6.6 Fluorescence Lifetime Correlation Spectroscopy studies 

The data for Fluorescence Lifetime Correlation Spectroscopy (FLCS) experiments was collected 

with MicroTime 200 confocal microscope (Picoquant, Germany). The methodology using these 

studies has been described earlier 46. Briefly, pulsed light from 470 nm solid state laser was 

focused 10 µm above the cover-slip surface, but inside the drop of the sample solution. 20 µW 

laser light power for all the FLCS experiments was used. Separate measurements characterizing 

microscope/objective alignment and features for the confocal volume was performed. For the 

purpose of confocal volume characterization, 3D raster scanning of fluorescence nanospheres 

was applied 71, 72 that yielded a value of 0.16 fl. Olympus IX71 inverted microscope and Olympus 

UPlanFL N 100x magnification oil objective, NA=1.3 was used for the measurements. The 

scattered light was filtered with sets of filters (500 long wavelength pass and 473 RazorEdge, 

Semrock). Filtered light was focused through 30 µm pinhole to single photon avalanche 

photodiode (SPCM-AQR-14, Perkin Elmer). Data analysis was performed with SymPhoTime (v. 

5.0) software (Picoquant, Germany) and autocorrelation function was defined according the 

formula: 

        (6.11) 
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Where δI(t) and δI(t+τ) are the fluorescence intensity fluctuations from the mean at time t and 

t+τ, respectively. Auto-correlation curves due to translational diffusion through 3-dimentional 

Gaussian shaped volume were fitted with following formula [2, 3]: 

          (6.12) 

where ρi is a contribution of i-th diffusion species for total autocorrelation function, τDi is a 

diffusion time of i-th diffusion species, κ is length (zo) to diameter (wo) of the focal volume. On 

the basis of the fit to the autocorrelation function we determined also the diffusion coefficient D 

according: 

          (6.13) 

Styryl dyes have been used extensively for studying membrane dynamics and changes in 

membrane potential.  The aminostyryl pyridinium sub group has also been reported to be 

successfully used to probe the dynamics of vesicle trafficking in an activity dependent manner 73. 
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CHAPTER – 7 

SOLVATOCHROMIC CHARACTERIZATION OF LDS 798 

Specific Aim 1: To characterize the solubility profile and solvatochromism photophysics of LDS 

798. 

 7.1 Rationale 

 LDS 798 or styryl-11 contains a quinolinum ‘head’ region which is connected to the 

dimethylaminophenyl ‘tail’ via two alternate double bond structures44, 74. This structural 

configuration is quite unique from that of other well known styryl dyes. While the overall 

configuration of LDS 798 retains the features responsible for its spectral properties, it has a very 

short (dimethyl) tail and a bulky (quinolinum) and monocationic head region that is similar to 

just a few known commercially available styryl dyes73, 75. 

Styryl compounds are ideally soluble in non-polar solvents and in a complex system, they 

preferentially partition in nonpolar medium42. This can limit their use in cellular staining as the 

aqueous medium is predominant in these cases37, 40. Thus, it has been seen that the styryl 

compound with ideal fluorescent properties might not be a good choice for cellular staining as 

their effective concentration is limited by their partitioning pattern. LDS 798 has a bulky 

quinolinum core, but relatively small tail and head group. In silico simulation of its partition 

coefficient using molinspiration property engine (v2009.01) generated a logP value of 0.611 

indicating that it partitions adequately in water. Experimental confirmation for these values was 

necessary prior to the use of LDS 798 for staining hydrophobic structures. 
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In ethanol, LDS 798 has peak absorption at 580 nm and peak emission at 770 nm making it 

useful for NIR measurements. NIR dyes have been shown to be used for studying tissues in vivo.  

LDS 798 has been used as a laser dye and has a very weak fluorescence in aqueous solution 

(quantum yield of 0.002)74. Previous studies have shown that LDS 798 has a very short 

fluorescence lifetime in water (<20 psec)46, 47 while its lifetime increases in ethanol and in 

polymer films47. Stoke’s shifts have been found to be higher in water than that in ethanol.  

The purpose of this specific aim is also to characterize the solvatochromic properties of LDS 798 

in bulk environment and liposome microenvironment. Photophysical properties of the dye, like 

solvent dependent extinction coefficient, quantum yield, average fluorescence lifetime, and other 

properties, like ground state and excited state dipole moment, are also calculated. 

7.2 Results and Discussion 

7.2.1 Solubility profile of LDS 798 

Current studies were initiated with qualitative characterization of LDS798 solubility in solvents 

of varying polarity and showed that it is weakly soluble or insoluble both in highly hydrophobic 

solvents like cyclohexane and hydrophilic aqueous solutions. It was noticed that LDS 798 though 

dissolved slowly in deionized water, it was totally insoluble in cyclohexane even after vigorous 

overnight shaking. 

During the study of spectral properties of LDS 798, the absorption spectrum was blue shifted in 

water without any significant spectral broadening (Figure 3.4) ruling out the possibility of LDS 

798 self-aggregation. The study of the extinction coefficient of LDS 798 in octanol and water 

(Figure 7.1,  left) showed that the extinction coefficient in water deviated significantly from that 

reported by the manufacturer, using ethanol as a solvent. Partition experiments, using the shake-
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flask method and calculated extinction coefficients for LDS in water and octanol, yielded a log P 

of 0.54 indicating that LDS 798 dissolves in water reasonably well. Images taken after the 

separation of 2 phases (Figure 7.1, right) give a visual representation of the aforementioned 

result. 

7.2.3 Spectral changes in LDS 798fluorescence with polarity 

To understand the spectral changes due to solvatochromic properties of LDS 798, absorption and 

emission spectra were measured in solvents of various polarity and refractive indices (Table-7.1). 

Next, the Stoke’s shift (υabs - υEm in cm
-1

) was plotted for each solvent as a function of their 

respective polarity function. Both Lippert-Mataga (LM) (Figure 7.2) and simplified Bilot Kawski 

(BK) (Figure – 7.3) models were used to fit the data and characterize the solvent effect. Both 

models indicate that the Stokes shift change was correlated with the polarity function in aprotic 

solvents.  However, a major observation from these plots was that protic and aprotic solvents 

both show  completely different patterns of Stokes shifts. This deviation of protic solvents has 

been associated with their tendency to hydrogen bonding, aggregation or other specific 

interaction with the fluorophore. Stokes shift of LDS 798 in alkyl halides, chloroform and 

dichloromethane, could not be fitted with protic or aprotic profile in both LM and BK model, 

suggesting that there might be some specific interactions taking place between the solute and 

solvent that cannot be taken in to account by these models. Using Bilot-Kawski model and 

considering that both ground state and excited state dipole moments are parallel, we calculated 

the excited state dipole moment as 2.44 fold larger than the ground state dipole moment. 
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7.2.4 Radiative changes of LDS 798 fluorescence with polarity. 

For understanding the radiative changes due to solvatochromic fluorescent properties of LDS 

798, we measured its quantum yield in different solvents with cresyl violet in ethanol as the 

reference solution. We also measured the fluorescence lifetime of LDS 798 in different solvents 

(Figure – 7.4, top left panel). LDS 798 has a maximum quantum yield of ~ 6% in octanol, 

whereas its quantum yield was lowest in water (< 0.1%). The fluorescence decay profiles (Figure 

- 7.4, top right) showed that the maximum average lifetime was in the sub-nanosecond range 

(maximum 814 psec in chloroform and < 25 psec in water). Radiative and non-radiative rate 

constants calculated from quantum yields and fluorescence lifetime (Figure 7.4 bottom panels) 

show that the non-radiative rate constants are two orders of magnitude larger than the radiative 

decay explaining the major Stoke’s shift seen with LDS 798.  All these parameters were plotted 

as a function of LM parameter of polarity (ΔfLM). The response from protic solvents was 

distinctly different from that of aprotic solvents and this further indicates that H- bonding might 

have a significant effect in LDS798 spectra and fluorescence intensity. As observed earlier, LDS 

798 fluorescence response was distinctly different in alkyl halide solvents when compared with 

that of other aprotic solvents. 

The spectral properties of LDS 798 determined here are in good agreement with that of reported 

ASQ dyes42. Its absorption spectrum is blue shifted in polar solvent, like water, as seen in other 

ASQ dyes. The Bilot-Kawski and Lippert Mataga plots for solvent relaxation show that the 

Stokes shift increases linearly as a function of orientation polarizability. The interesting 

observation reflected in the plot is the response of aprotic solvents compared with protic 

solvents. This deviation of Stokes shift especially seen in protic solvents has been attributed to 

specific interaction between the solute and solvent, observed in other systems23.  Both Lippert-
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Mataga and Bilot-Kawski models failed to explain the effect of the Stoke’s shift in alkyl halide 

solvents and water indicating that there might be some other specific interactions in addition to 

polarizability. Significant red shift in fluorescence spectra with increase in solvent polarity 

indicates that the excited singlet state is stabilized in polar solvents. 

7.2.5 Spectral and radiative changes of LDS 798 fluorescence in micelles and liposomes 

After characterizing the spectral and radiative properties of LDS 798 in solvents with different 

polarity, studies were performed on its fluorescence properties in the presence of amphipathic 

molecules, dissolved/dispersed in aqueous medium.  Amphipathic molecules like detergents and 

phospholipids create a hydrophobic micro-environment in aqueous solution. These compounds 

have been used extensively to study fluorescent properties of other styryl dyes and have laid the 

foundation for their use in studying cellular events 42.  

Spectral properties (both absorption and emission) of LDS 798 were measured while titrated 

with sodium dodecyl sulfate (SDS-an ionic detergent) and Triton-X 100 (a non-ionic detergent) 

at room temperature (Figure 7.5). These studies reveal that absorption maximum shifts to longer 

wavelengths upon addition of both SDS and Triton- X100. The fluorescence spectral analysis 

showed a progressive blue shift with increasing concentration of Triton-X 100 but not with SDS. 

The intensity of fluorescence increased with addition of detergents (both SDS and Triton- X 

100). This increase was found  to be phase dependent as the LDS fluorescence signal increased 

once the critical micellar concentration was attained (8.2 µM for SDS and 200 µM for TritonX-

100) and leveled off after  stable micellar structure was attained (at higher concentrations of 

detergent). This observation is consistent with reports based on study of the polymerization of 
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styryl dyes 76 that have reported spectral shift in fluorescence decreased once nucleation of 

polymerization was attained. 

Study of spectral and radiative properties of styryl dyes in unilamellar vesicles (mean diameter ~ 

60 nm), prepared with neutral phospholipids (DMPC) and negatively charged phospholipids 

(DMPG) showed a red shift  in absorption and a blue shift in emission spectra upon addition of 

unilamellar vesicles to the dye (Figure – 7.6). Two emission peaks (at 550 nm and 720 nm) in 

presence of SUVs was observed when excited with 530 or 470 nm light (Figure 7.6). When 

excited with even longer wavelength (620 nm) only one peak at ~ 740 nm was observed while 

the LDS 798 fluorescence attained saturation at lower concentrations of DMPG than DMPC 

(Figure 7.6, lower panels).  

Finally, polarity dependent changes in LDS 798 fluorescence in reconstituted high density 

lipoprotein (HDL) nanoparticles (rHDL) were measured to see whether this phenomenon can be 

applied to characterization of nanoparticles used in drug delivery. Ensemble studies show that 

amphipathic molecules influence the spectral properties and radiative rates of LDS 798. Most of 

the amphipathic molecules induced a red shift in absorption spectra while in all the cases the 

fluorescence spectra was blue shifted and the peak intensity increased by different magnitudes. 

In reconstituted bilayered structures, always two peaks were observed. This observation is 

previously unreported. Unpublished initial studies from our laboratory for these samples indicate 

that there might be two populations with distinct excitation peak. Molecular phenomenon leading 

to this observation and its significance is not yet clear and would require further study. The 

saturation profile of LDS798 fluorescence with DMPC and DMPS suggest that fluorescence 

properties of LDS 798 are enhanced when it interacts with the negatively charged or polar 

residues or conversely, LDS 798 might not interact effectively with the neutral phospholipids as 
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compared with polar/negatively charged lipids. Both these possibilities might be true as previous 

reports have shown that styryl dyes have enhanced fluorescence properties under mildly acidic. 
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7.3 Table 

Table 7.1 -  The list of solvents, their dielectric constants and refractive indices, solubility profile 

and, fluorescence properties (spectral shift, quantum yield and average lifetimes) of LDS 798 

when it was dissolved in them. 

Solvent 
Dielectric 

Constant 

Refractive 

Index 

νAbs -  νEm 

cm
-1 

% 

Quantum 

Yield 

Average 

Lifetime 

(psec) 

 

Aprotic 
     

Dioxane 2.21 1.42 4541.56 3.06 206 

ethyl acetate 6.02 1.37 4903.10 2.02 223 

Acetonitrile 36.6 1.34 5265.30 0.23 85 

DMF 38.3 1.43 5243.48 0.35 126 

DMSO 47.2 1.48 5195.84 0.42 176 

 

Protic 
     

1-octanol 10.3 1.43 3426.79 6.11 562 

1-Butanol 17.85 1.40 3950.73 2.75 330 

n-propanol 21.65 1.39 4126.76 1.34 205 

Ethanol 24.3 1.35 4427.06 0.76 147 

Methanol 33.1 1.33 4793.78 0.30 78 

 

Outlier 
     

Chloroform 4.98 1.45 3108.66 3.21 815 

DCM 8.93 1.42 2807.91 3.52 712 

Water 78.3 1.33 7205.81 0.08 <50 
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7.4 Figures 

 

 

Figure 7.1- Partitioning profile of LDS 798. (left) Extinction coefficient of  LDS 798 in octanol 

and water was calculated using ethanol as standard. (right). Image showing the partitioning of 

LDS 798 in octanol and water layer after overnight shaking. Concentration of LDS 798 in both 

layers was calculated using the derived extinction coefficients. Partition coefficient was 

calculated as the log of the concentration ratio in octanol and water. 
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Figure 7.2 - Effect of solvent polarity on LDS 798 stoke’s shift. Absorption and emission spectra 

of LDS 798 in solvents with various dielectric constant values were measured. The difference 

between the absorption and emission peak was plotted as a function of solvent polarity (Δf is 

Lippert Mataga function of polarity derived from dielectric constant and refractive index of 

solvents).  
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Figure 7.3: Effect of solvent polarity on LDS 798 stoke’s shift. Absorption and emission spectra 

of LDS 798 in solvents with various dielectric constant values were measured. The difference 

between the absorption and emission peak was plotted as a function of solvent polarity (fBK is 

Bilot Kawski function of polarity derived from dielectric constant and refractive index of 

solvents). From this model, the ratio of ground state dipole moment and excited dipole moment 

was calculated. 

0.0 0.2 0.4 0.6 0.8 1.0
2

4

6

8

y =4496.65 + 867.29 x

 Aprotic

 Outlier

 Protic


a
b
s
-

E
m
 (

1
0

0
0

 c
m

-1
)

f BK

0.6 0.8 1.0 1.2 1.4 1.6

10

20

30

y = 33372 - 2069.1 x

 Aprotic

 Outlier

 Protic


a
b
s
+

 
E

m
 (

1
0

0
0

 c
m

-1
)


BK



58 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4- Effect of solvent polarity on radiative decay. Quantum yield and fluorescence 

lifetime of LDS 798 in different solvents was plotted as a function of polarity (Lippert –Mataga 

function). As the polarity increases, both quantum yield and lifetime values decrease indicating a 

net increase in non-radiative processes.  
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Figure 7.5 - Spectral and intensity changes in LDS 798 fluorescence on addition of detergent to 

aqueous solution. Aqueous solution of LDS 798 was titrated with two detergents: a) SDS (left), 

and b) Triton X 100 (right). Absorption and emission spectral results were recorded and 

absorption maxima (top), emission maxima (middle) and fold increase in peak intensity (bottom) 

was plotted as a function of detergent concentration. The fluorescence intensity increased around 

the critical micelle concentration of both the detergents. Spectral shift in emission and absorption 

maxima also followed the similar pattern indicating the fluorescence pattern responded to 

decrease in polarity of micellar micro-environment.  
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Figure 7.6 - Fluorescence response of LDS 798 with model membrane structures. LDS 798 was 

titrated with small lamellar vesicles made with pure Dimyristoyl phosphatidylcholine (DMPC) or 

Dimyristoyl phosphatidylglycerol (DMPG). Fluorescence spectra showed a distinct blue shift 

when SUVs were added to aqueous solution of LDS 798 (top). Peak intensity of fluorescence 

increased by few hundred folds in presence of SUVs. Control experiments with no LDS 798 

showed that SUVs did not have any inherent fluorescence signal and the change in spectra was 

due to solvent induced effect on LDS fluorescence. Spectral analysis also  indicated that LDS 

798 fluorescence signal can be recorded at a range longer than 600nm even if  it is excited at 

wavelengths less than 550 nm. 
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Chapter – 8 

LIVE CELL STAINING WITH LDS 798 

Specific Aim 2: To study applicability of LDS 798 in cellular staining and selectivity of staining. 

8.1 Rationale 

Styryl  group of dyes were one of the first group of organic compounds that were used for 

understanding the excitable properties of cells without having any significant toxicity37. Dyes of 

this group (Di-1,4-ANEPPS and Rh 421) have a big impact in understanding the changes in 

membrane potential during stimulation4340. In early 90’s a new sub-group of styryl dyes, called 

aminophenyl styryl pyridinum (ASP), was characterized 42, 73and molecules from this group 

(FM1-43 and  FM4-46) are widely used in studying vesicular trafficking42, 73, 75. While 

characterizing these dyes, the investigators were able to postulate the sub-cellular localization of 

these dyes on basis of their structures. 

LDS 798 fluoresces in near infrared (NIR) region46, 47, 74. At this region there is considerably less 

autofluorescence signal 23, 77. Also, absorption and emission spectra of LDS 798 in water and 

methanol indicate that there is a huge stoke’s shift that makes it easy to filter excitation light 47. 

All these features can make LDS 798 a potentially valuable tool for studying cellular activity in 

live cells. In this specific aim we will test whether LDS 798 can be used for live cell imaging. 

Studies performed with small unilamellar vesicles (SUVs), in the last chapter, indicate that the 

fluorescence spectrum of LDS 798 is blue shifted in membranes. Two distinct peaks (at 650 nm 

and 720 nm) were seen in the spectra and the excitation spectra from these peaks indicated two 
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distinct populations. Exciting the fluorophore at longer wavelength (excitation 650 nm) resulted 

in single peak around 750 nm.  

All these results indicate that there might be two major contributing species of LDS 798 in 

membrane that can result from the orientation of the fluorophores in the membrane. This 

dimorphic pattern which, shifts when excited with 650 nm light, might also be due to the ‘red 

edge effect’. It has been reported for various fluorophores and generally results in a broad 

emission peak due to no distinct spectral separation between two interacting species. But in this 

case, two distinct peaks are visualized. 

8.2 Results and Discussion 

8.2.1 Cellular imaging 

The experiments with SUV indicated the excitation and the emission range that was helpful for 

imaging cells. For the cellular imaging experiments, excitation of 470 nm was used and 650 nm 

long-pass filter was used before detector, unless otherwise mentioned. Various cell lines were 

used. These include normal cell lines such as NIH 3T3 and HEK 293T and cancer cell lines such 

as MDA MB 231, MCF-7 (breast cancer); Hela (cervical cancer); SKOV-3 (ovarian cancer).  

Images in Figure – 8.1 show comparison of images of cells stained with LDS 798 and cells 

treated with DMSO alone. At the settings used to image cells stained with LDS 798, no 

significant background signal was noticed. LDS 798 emission has been found to shift at least 100 

nm towards longer wavelengths from absorption peak in SUV experiments (Figure 7.6).  

Autofluorescent species in cells that are excited by 470 nm or 635 nm excitation do not have 

such a huge Stokes shift. Thus, it was expected that settings used for imaging would easily filter 

both laser line and the autofluorescence from the detected signal without affecting LDS 798 
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fluorescence. Moreover, the laser power between 50-100 nW was sufficient to excite LDS 798 

localized in cells. Low laser excitation is beneficial for live cell imaging as photoproducts are not 

produced in large amounts in these cases and long-term imaging is feasible. 

Labeling cells with LDS 798 gave rise to a punctate pattern with weak staining at the plasma 

membrane region and no staining in the nuclear region. The punctate pattern of fluorescence 

signal indicates that LDS 798 might be localized selectively in some intracellular compartment 

rather than non-specifically distributed throughout the cell. LDS 798 fluorescence was not seen 

in the nuclear region in any case indicating that this dye does not cross the nuclear membrane.  

8.2.2 Cell viability 

Effect of LDS 798 on cellular viability was checked by MTT assay. The results of cell viability 

assay showed (Figure – 8.2) that after 24 hours of treatment there is no adverse effect of the dye 

up to 0.5 μM. Cell viability dropped around 80% in the cells treated with higher concentrations 

and exposed to LDS 798 for 24 hours.  

8.2.3 LDS 798 localization in cells  

To check whether the selective staining pattern changes with decrease in concentration of the 

dye, images with 500 nM LDS concentration were compared with images with 2 nM 

concentration of LDS 798. Figure – 8.3 shows that there is no apparent change in distribution of 

signal indicating that the fluorescence pattern is independent of concentration of dye. Thus it can 

be inferred that the staining pattern observed in these cells is not due to non-specific distribution 

of LDS 798. 
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8.2.4 Correlation of excitation wavelength and cellular fluorescence 

As the experiments with SUVs showed spectral changes upon shifting the excitation towards 

longer wavelength, it was necessary to check whether the longer wavelength excitation have an 

effect on localization of LDS fluorescence in cells. The fluorescence image showed a significant 

signal from the plasma membrane associated fraction which was not seen evidently with 470 nm 

excitation. This indicates that the LDS 798 subpopulation associated with membrane is more 

efficiently excited by long wavelength excitation. The basis of this differential signal due to 

difference in excitation is still not clear, but it has a potential to be studied for understanding 

membrane dynamics. 

Lifetime imaging was also used to understand the punctate distribution of the dye. Lifetime 

images show that plasma membrane bound fraction and the intracellular fractions have two very 

distinct average lifetime values. The mean lifetime of plasma membrane bound fraction is around 

2.2 nsec, whereas, the intracellular fraction has a lifetime of 1.2 nsec.  

8.2.5 Studying the origin of LDS 798 cellular entry 

To check whether the intracellular fraction of LDS 798 originated from the plasma membrane 

fraction we blocked membrane endocytosis using actin polymerization inhibitor, cytochalasin D 

78, 79. Treatment of cytochalasin D had no effect on any of the two identified LDS 798 sub-

population though the cellular architecture was severely impaired. This suggest that the 

intracellular sub population of LDS 798 is not associated with membrane trafficking vesicles and 

LDS 798, most probably, diffuses into the cells rather than being transported due to its 

association with the cell membrane. 
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8.3 Figures 

 

 

  

Figure 8.1: Live cell imaging of various cell lines with LDS 798. Live cells retained LDS 798 

even after culture media with LDS 798 was replaced by normal media. Retention was in specific 

regions giving rise to the punctate staining pattern. Cells that were not stained with LDS 798 did 

not show any significant fluorescence with same imaging set-up indicating the signal - noise 

ratio of staining was very high. 
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Figure 8.2: Effect of LDS 798 on the cell viability. MTT assay was performed with Human 

embryonic Kidney (HEK) cells and ovarian cancer (SKOV-3) cell lines. Different concentrations 

of LDS 798 was added to the cells and incubated for 24 hours. The results indicate that up to 50 

nM the effect of the dye on cells were non-lethal. 
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Figure 8.3: Effect of LDS 798 localization on its concentration. Images of MCF-7 cells  stained 

with 500nM of LDS 798 (left) and 10nM of LDS 798 (right). Intracellular and periplasmic 

localization of LDS 798 can be visualized. These images confirm that imaging with LDS can be 

successfully performed even with 10nM concentration of the dye. The settings used for imaging 

ensured that there was no signal from autofluorescent moieties of the cells. 
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Figure 8.4: Fluorescence lifetime imaging of HeLa cells stained with LDS 798. Lifetime images 

show two LDS 798 populations with distinct lifetimes a) periplasmic population with average 

lifetime of 2.2 nsecs and intracellular population with average lifetime of  1.1-1.2 nsec (bottom 

panel graphs). With excitation 635 nm (red laser), the periplasmic LDS 798 population was 

easily visualized along with the intracellular punctate population (top panels). Switching to 

excitation 470 nm minimized the contribution of the periplasmic population (middle panels). 

Both populations were visualized even when stained with 10 nM LDs 798 (left panels). 
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Figure 8.5: Two populations of LDS 798 are not due to membrane recycling. Cytochalasin D, 

inhibitor of actin assembly and membrane trafficking, treatment to the HeLa cells did not affect 

the localization of two LDS 798 population (comparing left panels to right panels). This 

indicates that LDS 798 is not internalized through membrane recycling, but diffuses inside the 

membrane.  
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CHAPTER – 9 

APPLICATION OF FLIM AND FLCS TECHNIQUES WITH SOLVATOCHROMIC 

DYES TO DETECT BIOMEDICALLY RELEVANT PROCESSES IN VITRO AND IN 

SITU 

 

Specific Aim 3: To apply lifetime-based imaging techniques and fluctuation based 

correlation techniques with LDS 798 staining for application based studies. 

9.1 Rationale 

Solvent sensitive fluorescence of LDS 798 can be useful in understanding the local environment 

around it. With advanced spectroscopic/imaging techniques these changes can be quantified. The 

goal of this chapter is to evaluate whether LDS 798’s solvent sensitivity and compatibility in 

staining live cells can be useful to address biomedically relevant questions. 

Styryl dyes like LDS 798 show change in their fluorescence signal due to solvent effect. 

Conventionally the change in fluorescence intensity is monitored via ratiometric changes in 

intensities5, 20. However, even in ratiometric studies, where change in intensity is correlated to 

change of local environment polarity, intensities can also vary due to local changes in 

fluorophore concentration. Effect of solvent reflects also on the fluorescence decay profile of the 

fluorophore23. In the last decade, fluorescence lifetime imaging microscopy (FLIM) has been 

applied for studying protein-protein interaction based on Forster Resonance Energy Transfer 

(FRET) 80-83. The same instrumentation can be used to study change in lifetime patterns of styryl 
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dyes in cells. As the cellular environment, especially the membrane polarity, is indicative of 

various physiological and pathological processes18, 19, fluorescence lifetime signal from cells 

stained with styryl dyes can provide depth of information about those processes. 

LDS 798 has a very similar structure to ASP dyes; the major difference being the presence of a 

bulkier quinolinum ring than the pyridinium ring 44, 48. The quinolinum ring is a part of the core 

and contributes to the fluorescence properties rather than localization of the dye. In that case, the 

criteria generated by studying the ASP dyes 42, 73 can be used to predict localization of LDS 798. 

According to those criteria, LDS 798 should localize in mitochondria. The goal is to test whether 

LDS can be used as mitochondrial marker. In addition, LDS 798 has high probability of 

responding fluoremetrically to the electrgenic environment of mitochondrial membrane due to 

electrochromic nature of styryl group. Thus, the goal is to measure changes in mitochondrial 

potential via fluorescence lifetime changes of LDS 798 localized in the mitochondria, using 

FLIM. Mitochondrial depolarization is a early marker for apoptosis. So, the final goal is to test 

whether lifetime approach with LDS 798 will be useful to measure change in mitochondrial 

polarization in intact cells during apoptosis. 

Hydrophobic nanoparticles are being used heavily for drug delivery purposes 67 and 

characterization of their size is an important parameter for pharmacokinetics. Usually electron 

microscopy and scattering patterns are used to measure the particle sizes. But, electron 

microscopy is an elaborate procedure and requires imaging and statistical expertise, while 

particle scattering is unreliable when there is minute trace of clumping. 

Fluorescence correlation spectroscopy (FCS) has emerged as a reliable technique to estimate the 

bulk of the nanoparticles under investigation 72, 84. This technique measures the lateral diffusion 
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of the unperturbed system with particles of nanometer dimension. Particle size can be estimated 

and compared if there is prior information about the shape of the particles. FCS analysis of 

particles stained with LDS 798 can be an alternate method for characterization of particle size. 

These assays are rapid and can separate individual particles from aggregated ones due to their 

diffusion patterns. 

9.2 Results and discussion 

9.2.1 Application of FLIM approach. 

9.2.1.1 Identifying the intracellular localization. 

To identify the sub-cellular structures where LDS 798 is localized an exhaustive literature search  

and co-localization experiments were done. It was suggested in the literature that cationic 

molecules with bulky hydrophobic group and can diffuse the cell membrane are localized in the 

mitochondria due to its very high negative membrane potential 20, 21, 55. To check whether LDS 

798, that possesses similar chemical features, is localized in mitochondria of the cell we 

performed colocalization experiments with LDS 798 and known mitochondria specific dye 

rhodamine 123. Rhodamine 123 and its derivatives like tetra-methyl rhodamine have been 

frequently used for tracking mitochondria 5, 17, 18. Rhodamine 123 is very specific for 

mitochondria and has a partial cationic property with bulky aromatic structure21. In cells with 

active mitochondria it is segregated to mitochondrial matrix. Once mitochondrial potential is lost 

it partitions out of the matrix and nonspecifically distributed throughout the cell. Ratiometric 

measurement of Rhodamine 123 intensity has been also used for determining membrane 

potential. 
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For the co-localization experiments, 1μM of rhodamine123 and 100nM of LDS 798 were 

incubated (individually and together) with the cultured cells for 30 minutes. The media 

containing the dye was replaced with fresh media without any dye and imaging was done. 

Control experiments showed that the fluorescence intensity overlap of one dye on other dye’s 

detector was less than 1%. For intensity imaging, this was subtracted. For lifetime imaging 

further filtering was done on the basis of the known lifetime of these fluorophore.  

The intensity images of cells co-stained with both the dyes show that rhodamine 123 and LDS 

798 co-localize on similar subcellular structures (Figure- 9.1) indicating that LDS 798 might be 

localized in the mitochondria. The average lifetime analysis of lifetime images further supported 

the notion (Figure- 9.2). Fluorescence lifetime of rhodamine 123 was much shorter in presence 

of LDS 798 (mean lifetime of 2.4 nsec, n=14) than in its absence (mean lifetime 3.1 nsec, n=14). 

This decrease in lifetime is seen during quenching or FRET23, 81. The concentration of rhodamine 

123 applied for live cell imaging does not lead to its saturation and self-quenching18. Moreover, 

both test and control samples had same concentration of rhodamine 123. This result led to the 

conclusion that decrease in rhodamine 123 fluorescence lifetimes is not due to self-quenching. 

No interaction between rhodamine 123 and LDS 798 was observed in cuvette experiments with 

solution of these dyes. Thus, they are not natural interactors. The only circumstance that can lead 

to decrease in rhodamine 123 lifetime  is through FRET when LDS 798 is in extreme proximity. 

In cells that might happen between two non-interacting molecules   only when these two 

molecules are in same subcellular compartment. 

Another approach was used to further substantiate the sub-cellular localization of LDS 798. 

Extent of FRET of Rhodamine 123 FRET in presence of unbleached LDS 798 and bleached LDS 

798 was measured. LDS 798 was bleached  with high intensity (~100 μW power) 635 nm laser. 
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Rhodamine 123 molecule does not absorb energy of that wavelength and hence it is not excited 

or photobleached. Average lifetime of rhodamine 123 increased upon bleaching of LDS 798 

indicating decrease in FRET (Figure- 9.3 , bottom panel). 

 Another effect observed during photobleaching experiment was the distribution of rhodamine 

123.  The dye was distributed throughout the cell body non-specifically (Figure- 9.3, top panel 

images). Prior literature reveals this pattern of rhodamine 123 localization is seen when 

mitochondria is depolarized61. It appears that, photobleahing of LDS 798 resulted in 

mitochondrial depolarization. Photobleaching leads to formation of photoproduct radical61. These 

radicals can injure the mitochondria if they are locally produced. Thus, to begin with LDS 798 

has to be localized in or around mitochondria to induce mitochondrial depolarization on 

photobleaching.  

9.2.1.2 LDS 798 lifetime imaging for mitochondrial functional assay 

To further corroborate the co-localization and FRET experiments, functional assays were carried 

out. Treatments that alter mitochondrial polarization were administered and the effect on LDS 

798 fluorescence (distribution, intensity and lifetimes) was observed. 

Initially, experiments with isolated functional mitochondria were done and spectral changes and 

change in intensity of LDS 798 in response to common mitochondrial inhibitors, such as 

rotenone, carbonyl cyanide p-[trifluoromethoxy]-phenyl-hydrazone (FCCP), and sodium azide 

(NaN3) was recorded (Figure 9.4). Upon addition of mitochondrial extract in aqueous solution of 

LDS 798, both the absorption and emission spectra and fluorescence intensity changed and the 

change was similar to that seen with SUVs. On addition of inhibitors the LDS 798 intensity 

dropped, but no effect was seen in the fluorescence spectra (Figure 9.4). None of the inhibitors 
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affected the LDS 798 fluorescence in absence of mitochondrial extract. These results indicate 

that LDS 798 responds to mitochondrial membrane potential. Rotenone and NaN3 are known 

mitochondrial electron transport chain (ETC) inhibitors whereas FCCP is an uncoupler1. 

Blocking the complex and uncoupling the oxidative phosphorylation eventually results in low 

proton gradient at inter-membrane space1. Our experiments indicate that LDS 798 fluorescence 

intensity responds to this change. 

The next step was to check whether these responses can be replicated in intact cells. This was 

critical for practical application of LDS 798 based cell staining. Also, another question that 

needed to be answered was the counter-intuitive response of LDS 798. A decrease in proton 

concentration can be loosely related to decrease in environment polarity and in this case, it 

should lead to increase in LDS fluorescence. But, our steady state measurement of intensity 

showed a drop in intensity. Thus, to check the paradoxical nature of the results, lifetime based 

imaging was performed. 

Lifetime based imaging (Figure 9.5) showed that though intensity of LDS 798 decreases on 

addition of mitochondrial uncoupler FCCP in cell culture, LDS 798 lifetime distribution shows a 

change on peak lifetime. Lifetime peak shifted from 1.2 nsec to 1.5 nsec indicating though the 

fluorescence lifetime of LDS 798 is increasing due to decrease in proton gradient, the low proton 

gradient also result in decrease of local concentration of LDS 798 that ultimately is indicated by 

the drop of intensity. The images support these inferences. As the LDS 798 labels the 

mitochondria of the cells, upon addition of FCCP, the punctate staining pattern is lost and the 

dye is not selectively located, though it does not cross the nuclear membrane. 
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To confirm these results similar experiment was performed with an atypical uncoupler, 

rottlerin85. Various studies have used rottlerin to induce autophagy, but some studies indicate that 

rottlerin acts as an uncoupler85, 86. We tested the effect of rottlerin on LDS 798 fluorescence 

(Figure 9.6). Treatment of rottlerin did not result in diffuse pattern of distribution of LDS 798, 

but the fluorescence lifetime of the dye was affected. The lifetime distribution histogram showed 

that treatment of rottlerin to cells result in two peaks. Both these peaks were distinct from that 

seen in control. The longer peak was at the same as seen with FCCP treatment. The shorter peak 

might be due to contribution of small highly quenched population of LDS 798. Thus, rottlerin 

treatment proves that LDS 798 responds to altered mitochondrial potential. 

9.2.1.3 Correlating mitochondrial functional assay to apoptotic pathway 

Apoptosis and various apoptotic agents affect mitochondrial integrity. This has been documented 

by release of mitochondrial protein cytochrome-c in the cytoplasm that eventually forms 

apoptosome19, 52. Release of cytochrome-c is thought to be due to formation of pores in 

mitochondrial membrane by pro-apoptotic proteins. These pores also lead to release of ions and 

thus disrupt the mitochondrial potential19.  As LDS 798 can sense the change in membrane 

potential, it was interesting to check whether they respond to an apoptotic signal. Tumor necrosis 

factor α (TNF-α) is a known apoptotic agent that has been shown to cross-talk with 

mitochondrial apoptotic pathway19, 52. Thus the effect of TNF on LDS 798 lifetime changes was 

measured.  

The lifetime images of MCF-7 cells (sensitive to TNF-α treatment) were recorded at different 

intervals after TNF-α treatment (Figure 9.7). After 7 hours of treatment, significant number cells 

had depolarized mitochondria (as seen via LDS 798 staining and lifetime imaging). The 
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proportion of cells increased with time. At 9 hours post treatment (when cytochrome-c is seen in 

cytosol) upto 80% cells were identified having depolarized mitochondria. These observations 

indicate that lifetime imaging of LDS 798 in live cell mitochondria can be used as an early 

indicator in mitochondria mediated apoptosis. 

9.2.2. Application of FLCS 

Positive log P value of LDS 798 and manifold increased quantum yield of LDS 798 in non-

aqueous solvents prompted to the hypothesis that in an aqueous solution with SUV, LDS 798 

fluorescence signal will preferentially be associated with the SUVs.  Thus, LDS 798 

fluorescence signal can be used to characterize the diffusion profile of these sub-micron 

particles. The diffusion pattern of the detected LDS 798 molecules, associated with the 

nanoparticles, can correspond to size of the particles and can be significantly different from those 

that are free and weakly fluorescent. We decided to test the hypothesis using single point 

fluorescence lifetime correlation spectroscopy. Figure 9.8 (bottom) and  9.9 (bottom) show the 

correlation profile and the burst profile of the measurements. Table – 2 shows the average 

number of particles and the diffusion coefficient of LDS 798 in pure phospholipid vesicles 

(Figure- 9.8), reconstituted rHDL and nanoparticles with reconstituted 5A peptide (Figure- 9.9).  

The FCS results were in agreement with dynamic light scattering results measured independently 

with the same batch of nanoparticles (Table-2). The traces measured, showed very high 

fluctuations (Figure 9.8, bottom) corroborating that correlation originated from the phospholipid 

vesicle bound LDS 798 molecules. The signal from the Free LDS 798 in water was very weak 

and was characterized by poor correlation and fast diffusion rates typcal of free dyes (Figures – 

9.8, bottom and 9.9, bottom).  
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These nanoparticles were shown to have a mean diameter of <20 nm ( Table- 9.1 ) and contained 

egg yolk phosphatidyl choline, cholesterol, cholesteryl oleate and either apolipoprotein A-I 

protein (in rHDL) or an  apolipoprotein mimetic peptide (termed as 5A peptide in the Figures). 

These polypeptide components are required for structural integrity of the synthetic/reconstituted 

lipoprotein particles. Addition of rHDL, containing either  apo A-I or the 5A peptide, in aqueous 

solution of LDS 798 led to a mild red shift in absorption spectra and strong blue shift in emission 

spectra (Figure 9.9). The fluorescence intensity increased upon addition of the respective 

nanoparticles to the dye. The change in fluorescence spectrum of LDS 798 in presence of rHDL 

and peptide nanoparticles suggest alterations in their surface charge, possibly due to 

conformational change in the polypeptide components as the lipid ingredients of both 

preparations were identical.  The smaller HDL like particle was observed to have a relatively 

slow diffusion rate (Table – 9.1). However, this trend was consistent in all 3 sets of experiments 

performed. This decrease in diffusion may be due to the incorporation of ApoA1 or the mimetic 

peptide that increases the density of the particle and slows down its Brownian motion. These 

results indicate that FCS can be used to study the diffusion, and hence size, of the submicron 

lipid structures using solvatochromic fluorescence properties of LDS 798. Fluorescence 

correlation studies with LDS 798 dyes indicate that it can be used to study hydrophobic 

structures with relatively easy staining protocol. Advanced correlation techniques have been 

developed and can be used to study aggregation pattern inside a cell. 
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9.3 Table 

Table 9.1- Size distribution, Diffusion coefficient and detected concentrations of the lipid based small 

unilamelar vesicles and nanoparticles.  

Sample 

Size 

distribution 

(nm) 

Diffusion 

coefficient 

(μm/sec
2
) 

Detected 

concentration 

(nM)
 

 

Free LDS 798 
- 199± 25  

 

SUVs (pure) 

 

   

DMPC 

 

55.4 (98%) 

2100 (2%) 

3.28±0.5 19.1 

DMPG 

 

 

56.4 (96%) 

295 (4%) 

3.79±1.1 0.25 

Nanoparticles 

(mixed lipids) 

 

   

rHDL NP 43 (100%) 
2.0± 0.3 

 
15.2 

Peptide  NP 

 
34 (100%) 3.1±0.5 11.1 
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9.4 Figures 

 

 

Figure 9.1: Colocolization of LDS 798 with mitochondria specific dye, Rhodamine 123. MDA - 

MB-231 cells were stained with both LDS 798 and Rhodamine 123 and the fluorescence from 

the dyes were detected on separate detectors. A bandpass filter, 582 bp75, was placed before the 

rhodamine detector to detect fluorescence between 545 nm and 620 nm. A longpass 650 filter 

was placed before LDS 798 detector to detect fluorescence signal of waves more than 650 nm.  

470 nm laser was used to excite both the dyes. The intensity signal was collected and a false 

color image was generated. The merged figure on right was achieved by superposition of the 

false color images. 
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Figure 9.2 – Lifetime tagged images indicate Rhodamine 123 and LDS 798 are in close 

proximity inside the cells. Lifetime of rhodamine 123 in HeLa cells in presence and absence of 

LDS 798 were calculated from the images.  Average lifetime of rhodamine 123 decreased in 

presence of LDS 798 indicating that energy transfer is taking place with rhodamine 123 as a 

donor and LDS 798 as acceptor. As energy transfer can take place when molecules are ~10 nm 

apart, it can be inferred that two dyes are in close proximity and thus in mitochondrial region. 
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Figure 9.3 – Photobleaching of LDS 798 results in recovery of  rhodamine 123 lifetime  and loss 

of mitochondrial membrane potential.  Photbleaching LDS 798 in MDA-MB 231 cells co-stained 

with LDS 798 and rhodamine 123 leads to a) increase in rhodamine 123 lifetime (seen in bottom 

panel graph) without significant increase in its intensity , and b) nonspecific distribution of 

rhodamine123 (seen in images of top panels) that is usually observed when mitochondrial 

potential is lost. These results indicate that photoproduct of LDS 798 locally affects the 

mitochondria, further supporting the hypothesis that LDS 798 localizes in mitochondria. 
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 A) 

 

 

 

 

 B) 

 

 

 

 

 

 

Figure 9.4 – Effect of mitochondrial ETC inhibitor and uncouplers  on LDS 798 fluorescence in 

a mitochondrial suspension. Effect of Rotenone  (A) and FCCP and Sodium azide (B) on LDS 

intensity can be seen. Though the inhibitors do not specifically affect LDS signal, LDS intensity 

drops when the inhibitors are added in mitochondrial suspension. Indicating LDS 798 actually 

senses mitochondrial depolarization induced by these inhibitors. 
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Figure 9.5 - Mitochondrial uncoupler FCCP treatment to cells affect the lifetime distribution of 

LDS 798.  Cells in an optical field were imaged before and after FCCP treatment (termed as 

‘control’ and ‘FCCP treatment’ respectively and colored according to their average fluorescence 

lifetime.  Average fluorescence lifetime distribution shifted to right indicating increase in 

fluorescence lifetime, though the intensity dropped. The experiment was done with HEK, 

SKOV-3 (shown), MDA-MB231 and MCF-7 cells (not shown) and results were reproducible in 

all the cell lines. 
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Figure 9.6 –Average lifetime of  LDS 798 increased  on treatment of cells with  rottlerin.  This 

indicates that the response seen with FCCP was not a special case. Mitochondrial uncoupling 

leads to increase in LDS 798 fluorescence lifetime. 
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Figure 9.7- Apoptotic signals can be studied by changes in LDS 798 lifetimes in intact live cells. 

TNF- α treatment amplifies apoptosis in MCF-7 cells via mitochondria apoptotic pathway. Its 

earliest marker is the release of cytochrome c from mitochondrial interstitial space into the 

cytosol. Cytochrome c release has been observed 9 hours post-TNF treatment. Here, images of 

live MCF-7 cells show mitochondrial depolarization as seen by change in LDS 798 lifetimes. 

The depolarization can be seen in individual cells even at 7 hours post TNF treatment indicating 

LDS 798 lifetime imaging in intact cells can be an early marker of mitochondria related 

apoptotic pathways.  
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Figure 9.8 -  FLCS in identification of  SUV using LDS 798 staining. Time trace (top) from 

aqueous solution of LDS 798 in absence and presence of SUVs (DMPC and DMPG). Correlation 

patterns (bottom) can be calculated from the time trace data that indicate in presence of SUV the 

diffusion of LDS 798 resembles a macromolecule. 
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Figure 9.9 – Spectral and aucorrelation profile of LDS 798 bound to lipid nanoparticles rHDL 

and pep5A nanoparticles (peptide NP). Both measurements indicate that the presence of 

nanoparticle can be detected by these techniques. Moreover by autocorrelation profile diffusion 

pattern of the  nanoparticles can be calculated. As diffusion coefficient is an index of the volume, 

change in volume can be estimated by FCS. 
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CHAPTER 10  

CONCLUSION 

Solvent sensitive fluorophores have been used to study processes like protein folding, DNA 

intercalation, action potential and phase state transformation. Our study deals with application of 

fluorescence in estimating changes in mitochondrial polarization (potential). A near-infra red dye 

styryl-11 or LDS 798 was used for the study. Solubility and partition of LDS 798 in polar and 

non-polar solvents was measured. The solvatochromic properties of LDS 798 were characterized 

and the magnitude change in its dipole moment after excitation was estimated. Effect of solvent 

polarity on quantum yield and fluorescence lifetime was recorded. Results show increase in 

fluorescence intensity when amphipathic molecules (detergents and small unilamellar vesicles) 

were introduced to aqueous solution of LDS 798. All these observation indicate that this NIR dye 

is solvatochromic, but it also dissolves well in water and aqueous environment. The fluorescence 

signal is extremely weak in aqueous environment, but increases when amphipathic environment 

is introduced. Thus change in fluorescence depends upon the dielectric of local environment. 

Cellular experiments show that LDS 798 can stain live cells and the signal is beyond 650 nm 

(near infra-red range). Signal from LDS population in plasma membrane and in mitochondria 

can be seen. But both populations respond to different excitation wavelength and have a unique 

fluorescence lifetime profile. Fluorescence lifetime imaging can be used to segregate these two 

populations. FLIM is also sensitive to change in mitochondrial depolarization and can be used to 

estimate mitochondrial status in intact cells. As mitochondrial activity status is correlated to 
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physiological processes like apoptosis and aging, and pathological diseases like alzheimer’s, 

LDS 798 based lifetime imaging of intact cells can be an early marker for these conditions. This 

approach can provide an alternate detection technique in fields like biotechnology; where 

evaluating health of cells in continuous or batch bioprocessor is vital; or pharmaceutics; where 

effect of drug on induction or rescue of mitochondria dependent apoptosis has to be evaluated. 

Near infra red dyes have been successfully used for small animal imaging. LDS 798 can be an 

interesting dye to be used for this type of imaging. Further studies are needed to check LDS 

798’s applicability in non-invasive whole body imaging of experimental animals. 
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The styryl group of dyes has been used in cellular studies for over 20 years because of their solvatochromic and/
or electrochromic properties. Here we report characterization of solubility and solvatochromic properties of a
near infra-red styryl dye, styryl 11 or LDS 798. We have extended our studies to small unilamellar vesicles and
lipid based nanoparticles and found that solvatochromic properties of this dye used in tandem with
fluorescence correlation spectroscopy can be used to efficiently determine the diffusion coefficient and hence
the size of the submicron lipid based particles. This technique has the potential to provide essential information
about liposomal and vesicular structures and their movement in vitro and in situ.
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1. Introduction

Styryl dyes have been investigated and used commercially for their
solvatochromic/electrochromic properties. Their use as potentiometric
dyes is well documented [1,2]. For more than a decade they have also
been used to study vesicle trafficking and exocytosis [3,4]. The feature
that makes styryl dyes attractive for membrane studies is their spectral
response to local electric fields. Also, similar to other solvatochromic
dyes, styryl dyes fluoresce strongly in a non-polar environment. They
can thus be used as membrane markers in co-localization experiments.

Most of the styryl dyes used for fluorescence studies with biological
samples have been aminostylyl pyridinium (ASP) derivatives. Typically,
their alkylaminophenyl ‘tail’ is connected to electron withdrawing
pyridinium ‘head’ group through conjugate bond(s). The tail is
responsible for its membrane binding while the cationic head group
determines its membrane permeability. The spectral properties are
determined generally by the number of aromatic rings and the
conjugate bonds that join them [3]. In an aqueous environment, the

dielectric properties of water induce high non-radiative decay rates and
thus render the molecule non-fluorescent. The free movement of the
dye can also lead to increase in non-radiative decay [5]. Once the
polarity decreases, the radiative decay becomes substantial and this
results in a detectable fluorescence signal. Though there are other
factors, including aggregation of the dye inwater and charge shift of the
dye in the excited state, that may contribute to the spectral
characteristics of the dye, solvatochromism still exerts a major impact
on the dye's spectral properties [2].

Styryl-11 or LDS 798 (1-Ethyl-4-(4-(p-Dimethylaminophenyl)-
1,3-butadienyl)-quinolinum percholate) is a styryl compound that
contains monocationic quinolinum group instead of the pyridinium
groupof ASPdyes andhas a rather short dialkylaminophenyl ‘tail’ region
[6]. In ethanol its peak absorption is at 580 nm and peak emission is at
770 nm making it a useful near infra-red dye. Near infra-red
solvatochromic dyes have been shown to be useful for studying tissues
in-vivo [7]. LDS 798 has been used as a laser dye and has a very weak
fluorescence in aqueous solution (quantum yield of 0.002 [8]). Previous
studies have shown that LDS798has a very shortfluorescence lifetime in
water (b20 ps) while its lifetime increases in ethanol and in polymer
films [9]. Stoke's shifts have been found to be higher in water than in
ethanol. The purpose of this study was to characterize the solvatochro-
mic properties of this aminophenyl styryl quinolinum (ASQ) dye and
compare these features with those of established (well studied) ASP
dyes. Recent studies on the structure andfluorescenceproperties of ASQ
dyes indicate that their quinolinum group acts as the electron acceptor
while the aminophenyl group acts as the electron donor [10]. Our
studies show that styryl-11 (LDS 798) retains all the solvatochromic
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properties of ASP and ASQdyes. The studies described here also indicate
that LDS 798 might integrate into the bilayered lipid membrane in
multiple orientations due to its bulky aromatic head region and short
alkyl tail region.

With the recent advent of advanced fluorescence based technologies,
including fluctuation correlation spectroscopy, fluorescence lifetime
imaging, generalized polarization microscopy and single molecule
detection, styryl dyes can be used to obtain detailed information on
complex systems. Solvatochromic dyes, like Lauradan, are being exten-
sively used for correlation spectroscopy and generalized polarization
studies of lipid membranes [11] while lifetime based imaging using this
group of dyes has a potential to be used for probing excitable cell/tissue
samples. Oneof our goalwas to investigate howLDS798 solvatochromism
canbeusedwith themodernfluorescence techniques for probing systems
of biomedical significance. Thus, we investigated the potential application
of LDS 798 to determine the dimensions and movement of submicron
lipid-based structures using fluorescence correlation spectroscopy (FCS)
that has already been used to study the dynamics of cellular and sub-
cellular structures [11,12]. FCS is markedly more sensitive than similar
fluorescence based techniques like fluorescence recovery after photo-
bleaching (FRAP) or fluorescence loss in photobleaching (FLIP). The
findings obtained using FCS analysiswith LDS 798fluorescence show that
this approach may be particularly appropriate for labeling the lipid based
submicron structures and the study of their dynamics.

2. Materials and methods

LDS 798 was purchased from Exciton (Dayton, OH) and used
without any further purification. 1,4-dioxane, ethyl acetate, dichlor-
omenthane (DCM), 1-octanol, ethanol, methanol, N,N-dimethyl
formammide (DMF), dimethyl sulfoxide (DMSO) were purchased
from Sigma-Aldrich or Fluka (St. Louis, MO). 1-Butanol, 2-propanol,
acetonitrile and chloroform were purchased from Fisher Scientific
(Pittsburgh, PA). All the solvents were spectrphotometric grade.
Deionized water used for the experiments was from Millipore
distillation system. 1,2-dimyristoyl-sn-glycero-3-phospho-(1′-rac-
glycerol) (DMPG), 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) was purchased from Avanti polar lipids (Alabaster, AL).
sodium dodecyl sulfate (SDS) powder and Triton-X-100 was from
Sigma-Aldrich (St. Louis, MO).

2.1. Preparation of phosopholipid bilayers and high density
lipoprotein-like nanoparticles

For SUV preparation, stock solution of lipids was prepared in
chloroform.

Lipid films were prepared by evaporating the chloroform in inert
environment under steady flow of Argon gas. Lipid films were then
hydrated with phosphate buffered saline supplemented 500 μM EDTA.
After hydration, the samples were sonicated till clarity with 2 minute
pulses of sonication with ultrasonic processor UP200H system
(HielscherUltrasonicsGmbH,Germany) followedby restingphase in ice.

The cholate dialysis procedure used, was based on the procedures
described for discoidal rHDL particles [13–15]. A mixture of Egg yolk
phosphatidyl choline (15 mg), free cholesterol (0.35 mg) and choles-
terol oleate (0.15 mg) all in chloroform were dried down under
nitrogen. Apo A-1 (5 mg) or ApoA1-mimetic 5A peptide (1 mg) and
3% DMSO were mixed. 14 mg sodium cholate was added and volume
was made up to 2 ml with buffer (10 mM Tris, 0.1 M KCl, 1 mM EDTA
pH 8.0). The mixture was incubated overnight at 4 °C.

The mixture was then dialyzed against 2 liters of 1X phosphate
buffered saline for 48 h with change of buffer every 2 h on the first day,
(at least) 3 times and later kept overnight. Themixture was centrifuged
for a quick spin and then sterilized by passing through 0.45 μM filter.

The hydrodynamic volume of these SUVs and nanoparticles was
estimated using dynamic light scattering Nanotrac Particle Size
Analyzer (Nano Track; ISee imaging systems, Raleigh, NC).

2.2. Spectroscopic studies and mathematical models

Extinction coefficient of LDS 798 in ethanol was reported by the
manufacturer [6]. Equal amount of LDS 798 was dissolved in equal
volume of ethanol, octanol and water. Then, samples were diluted to
various concentrations and optical densities were measured in Cary
50 Bio (Varian Inc., Australia) spectrophotometer. The absorptions
were plotted as a function of concentration calculated using
extinction coefficient of LDS 798 in ethanol.

Partition coefficient (log P) was measured by shake-flask method
[16]. In brief, supersaturating the mixture of 1:1 water:octanol with
LDS 798 was shaken vigorously at room temperature (~20 °C)
overnight and 500 ul aliquots were taken from both water and
octanol phase. The aliquots were diluted with their respective
solvents and absorption was measured.

For steady state fluorescence spectroscopic measurements, Cary
Eclipse spectrofluorometer (Varian Inc., Australia) was used. In most
of the measurements the samples were excited with 530 nm light and
a 570 nm long-pass filter was used before the detector to minimize
the effect due to scattering. For some measurements, like that with
small unilamelar vesicles (SUV)s, excitation of 470 nm was used and
530 long-pass filter was used at observation in those cases. Absorption
of each sample at 530 or 470 nmwere used to correct the difference in
fluorescence intensity due to variable excitation. All the samples used
had an optical density less than 0.2, but greater than 0.02 at 530 nm.
For absorption measurements with SUVs, the scattering due to them
was measured and subtracted from the absorption values.

Quantum yield was calculated with cresyl violet in ethanol
(quantum yield 0.54) as reference solution, using the equation

Q = QR
I*absRn

2

IR*abs n
2
R

ð1Þ

Where, Q and QR are quantum yields of the sample and reference, I
and IR are the fluorescence intensities area under the curve for the
sample and reference, abs is the absorption of the samples at the
wavelength that was used to excite the samples and n is the refractive
index of the solvents.

For Lippert–Mataga (LM) plot following equations were used to
calculate the orientation polarizability, Δf.

ΔfLM =
ε−1
ε + 2

− n2−1
2n2 + 1

ð2Þ

Where, ε is the bulk dielectric permittivity.
Simplified Bilot–Kawski (BK) equations were also used to calculate

orientation polarizability and the ratio of excited and ground state
dipole moment with following equations

fBK ε;nð Þ = 2n2 + 1
n2 + 2

ε−1
ε + 2

− n2−1
n2 + 2

 !
ð3Þ

gBK nð Þ = 3
=2

n4−1

n2 + 2
� �2

ΦBK ε;nð Þ = fBK ε;nð Þ + gBK nð Þ ð4Þ

ν̃A−ν̃F = m1⋅fBK ε;nð Þ + const

ν̃A + ν̃F = m1⋅ΦBK ε;nð Þ + const
ð5Þ
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μe

μg
=

m1 + m2

m2−m1
ð6Þ

For lifetime measurements, FluoTime 200 (PicoQuant GmbH,
Germany) time domain spectrofluorometer was used. This spectroflu-
orometer contains cooled multi-channel plate detector (Hamamatsu,
Japan) and is accessorized with a monochromator at the observation.
470 nm laser diode (LDH-PC-470) was used as the excitation source.
This laser diode has a pulse width of b70 ps. The fluorescence decays
were fitted with FluoFit version v-4.0 software (PicoQuant GmbH,
Germany) using multiexponential deconvolution model

I tð Þ = ∫
t

−∞
IRF t′ð Þ∑

i
αie

−t−t′
τi ð7Þ

Where IRF (t′) is the instrument response function at time t′, α is
the amplitude of the decay of the ith component at time t and τi is the
lifetime of the ith component.

Radiative and non-radiative rate constants for LDS 798 in different
solvents using following equations

Q =
Γ

Γ + knr
ð8Þ

τ =
1

Γ + knr
ð9Þ

2.3. Fluorescence lifetime correlation spectroscopy studies

The data for fluorescence lifetime correlation spectroscopy (FLCS)
experiments was collected with MicroTime 200 confocal microscope
(PicoQuant GmBh, Germany). The methodology using these studies
has been described earlier [17]. Briefly, pulsed light from 470 nm solid
state laser was focused 10 μm above the cover-slip surface, but inside
the drop of the sample solution. 20 μW laser light power for all the
FLCS experiments was used. Separate measurements characterizing
microscope/objective alignment and features for the confocal volume
was performed. For the purpose of confocal volume characterization,
3D raster scanning of fluorescence nanospheres was applied [18,19]
that yielded a value of 0.16 fl. Olympus IX71 inverted microscope and
Olympus UPlanFL N 100× magnification oil objective, NA=1.3 was
used for the measurements (fluorescence fluctuations). The scattered
light was filtered with sets of filters (500 long wavelength pass and
473 RazorEdge, Semrock). Filtered light was focused through 30 μm
pinhole to single photon avalanche photodiode (SPCM-AQR-14,
Perkin Elmer). Data analysis was performed with SymPhoTime
(v. 5.0) software (Picoquant, Germany) and autocorrelation function
was defined according the formula:

G τð Þ = δI tð ÞδI t + τð Þh i
δI tð Þh i δI t + τð Þh i ð10Þ

Where δI(t) and δI(t+τ) are the fluorescence intensity fluctua-
tions from the mean at time t and t+τ, respectively. Auto-correlation
curves due to translational diffusion through 3-dimentional Gaussian
shaped volume were fitted with following formula [2,3]:

G τð Þ = ∑
n

i=1
ρi 1 +

τ
τDi

� �−1
1 +

τ
τDiκ

2

� �−1=2
ð11Þ

where ρi is a contribution of ith diffusion species for total
autocorrelation function, τDi is a diffusion time of ith diffusion species,
κ is length (zo) to diameter (wo) of the focal volume. On the basis of

Fig. 1. Initial indications about solvatochromic property of LDS 798. Chemical structure
of LDS 798 (styryl-11) (a). Absorption (dotted line) and emission spectra (continuous
line) of LDS 798 in ethanol (top) and water (bottom) (b).

Fig. 2. After factoring its low extinction coefficient in water it was found that LDS 798 partitions adequately in water. Extinction coefficient of LDS 798 in different solvents
(a). Partition coefficient of LDS 798 (b).
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the fit to the autocorrelation function we determined also the
diffusion coefficient D according:

D =
w2

o

4τD
ð12Þ

3. Results and discussion

Styryl dyes have been used extensively for studying membrane
dynamics and changes in membrane potential. The aminostyryl
pyridinium sub group has also been be successfully used to probe
the dynamics of vesicle trafficking in an activity dependent manner
[3].

3.1. Solvatochromic characterization of LDS 798

LDS 798 or styryl-11 contains a quinolinum ‘head’ region which is
connected to the dimethylaminophenyl ‘tail’ via two alternate double
bond structures (Fig. 1 top). This structural configuration is quite
distinct from that of other well known styryl dyes. While the overall
configuration of LDS 798 retains the features responsible for its
spectral properties, it has a very short (dimethyl) tail and a bulky
(quinolinum) and monocationic head region that is unique to most of
the commercially available styryl dyes. In our previously published
study, we have observed the difference in Stoke's shift of LDS spectra
with ethanol and aqueous medium (Fig. 1 bottom) that led us to study
the solvatochromic properties of LDS 798.

Current studies were initiated with qualitative characterization of
LDS 798 solubility in solvents of varying polarity and showed that it is
weakly soluble or insoluble both in highly hydrophobic solvents like
cyclohexane and hydrophilic aqueous solutions. It was noticed that
LDS 798, though dissolved slowly in deionized water, was totally
insoluble in cyclohexane even after vigorous overnight shaking.

During study of spectral properties of LDS 798, the absorption
spectrum was blue shifted in water without any significant
spectral broadening (Fig. 1 bottom) ruling out the possibility of LDS
798 self-aggregation. The study of the extinction coefficient of LDS
798 in octanol and water (Fig. 2 left) showed that the extinction
coefficient in water deviated significantly from that value reported by
themanufacturer (with ethanol as solvent) [6]. Partition experiments,
using the shake-flask method and calculated extinction coefficients

for LDS in water and octanol, yielded a log P of 0.54 indicating that LDS
798 dissolves in water reasonably well.

To understand the spectral changes due to solvatochromic
properties of LDS 798, absorption and emission spectra were
measured in solvents of various polarity and refractive indices
(Table 1). Next, the Stoke's shift (νabs−vEm in cm−1) was plotted
for each solvent as a function of their respective polarity function.
Both Lippert–Mataga (LM) and simplified Bilot–Kawski (BK) models
were used to fit the data (Fig. 3) and characterize the solvent effect.
Bothmodels indicate that the Stoke's shift change was correlated with
the polarity function in aprotic solvents. However, a major observa-
tion from these plots was that protic and aprotic solvents both show
completely different patterns of Stoke's shifts. This deviation of protic

Table 1
List of solvents, their dielectric constants and refractive indices, solubility profile and,
fluorescence properties (spectral shift, quantum yield and average lifetimes) of LDS 798
when it was dissolved in them.

Solvent Dielectric
constant

Refractive
index

νAbs−νEm
cm−1

% quantum
yield

Average lifetime
(ps)

Aprotic
Dioxane 2.21 1.42 4541.56 3.06 206
Ethyl
acetate

6.02 1.37 4903.10 2.02 223

Acetonitrile 36.6 1.34 5265.30 0.23 85
DMF 38.3 1.43 5243.48 0.35 126
DMSO 47.2 1.48 5195.84 0.42 176

Protic
1-Octanol 10.3 1.43 3426.79 6.11 562
1-Butanol 17.85 1.40 3950.73 2.75 330
n-Propanol 21.65 1.39 4126.76 1.34 205
Ethanol 24.3 1.35 4427.06 0.76 147
Methanol 33.1 1.33 4793.78 0.30 78

Outlier
Chloroform 4.98 1.45 3108.66 3.21 815
DCM 8.93 1.42 2807.91 3.52 712
Water 78.3 1.33 7205.81 0.08 b50

Fig. 3. Solvent relaxation pattern of LDS 798. a) The difference of absorption
and emission maxima was plotted as a function of Lippert–Mataga parameter fLM
(ε, n). b) The difference of absorption and emission maxima was plotted as a function of
Bilot–Kawski parameter fBK(ε, n) and c) the sum of absorption and emission maxima
was plotted as function of Bilot–Kawski parameter Φ(ε, n). The protic and aprotic
solvent showed a difference in magnitude of solvent relaxation.
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solvents has been associated with their tendency hydrogen bonding,
aggregation or other specific interaction with the fluorophore [5].
Stoke's shift of LDS 798 in alkyl halides, chloroform and dichlor-
omethane, could not be fitted with protic or aprotic profile in both LM
and BK model, suggesting that there might be some specific
interactions taking place between the solute and solvent that cannot
be taken in to account by thesemodels. Using Bilot–Kawskimodel and
considering that both ground state and excited state dipole moments
are parallel, we calculated the excited state dipole moment as 2.44
fold larger than the ground state dipole moment.

For understanding the radiative changes due to solvatochromic
fluorescent properties of LDS 798, we measured its quantum yield in
different solvents with cresyl violet in ethanol as the reference
solution Fig. 4 (top left). We also measured the fluorescence lifetime
of LDS 798 in different solvents (Fig. 4 top right). LDS 798 has a

maximum quantum yield of ~6% in octanol, whereas its quantum
yield was lowest in water (b0.1%). The fluorescence decay profiles
showed that the maximum average lifetime was in the sub-
nanosecond range (maximum 814 ps in chloroform and b25 ps in
water). Radiative and non-radiative rate constants calculated from
quantum yields and fluorescence lifetime (Fig. 5 bottom) show that
the non-radiative rate constants are two orders of magnitude larger
than the radiative decay explaining the major Stoke's shift seen with
LDS 798. All these parameters were plotted as a function of LM
parameter of polarity (f). The response from protic solvents was
distinctly different from that of aprotic solvents and this further
indicates that H-bonding might have a significant effect in LDS798
spectra and fluorescence intensity (Fig. 5). As observed earlier, LDS
798 fluorescence response was distinctly different in alkyl halide
solvents when compared with that of other aprotic solvents.

The spectral properties of LDS798 determined here are in good
agreement with that of reported ASQ dyes [10]. Its absorption
spectrum is blue shifted in polar solvent, like water, as seen in other
ASQ dyes. The Bilot–Kawski and Lippert–Mataga plots for solvent
relaxation show that the Stoke's shift increases linearly as a function of
orientation polarizability. The key observation reflected in the plot is
the response of aprotic solvents compared with protic solvents. This
has been attributed to the formation of hydrogen bonds between the
solute and solvent, observed in other systems [5]. Both Lippert–Mataga
and Bilot–Kawskimodels failed to explain the effect of the Stoke's shift
in alkyl halide solvents and water indicating that there might be some
other specific interactions in addition to polarizability. Significant red
shift in fluorescence spectra with increase in solvent polarity indicates
that the excited singlet state is stabilized in polar solvents.

3.2. Spectral and radiative changes of LDS 798 fluorescence in micelles
and liposomes

After characterizing the spectral and radiative properties of LDS
798 in solvents with different polarity, studies were performed on its

Fig. 4. Solvent induced changes in radiative rates of LDS 798. (Top) The change in quantum yield and fluorescence decay lifetime with change in Lippert's function of dielectric.
(Bottom) Non-radiative and fluorescence decay of LDS 798 with change in Lippert's function of dielectric. Δ indicates aprotic solvents, ○ indicates protic solvents and ■ indicates
outliers.

Fig. 5. Effect of polarity on the peak intensity of LDS 798. (Inset) Spectral data of LDS 798
fluorescence in various pure solvents. (Main plot) The peak intensity was plotted with
Lippert–Mataga function for protic (o), aprotic (Δ) and other (■) solvents.
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fluorescence properties in the presence of amphipathic molecules,
dissolved/dispersed in aqueous medium (Fig. 6). Amphipathic
molecules like detergents and phospholipids create a hydrophobic
environment in aqueous media. These compounds have been used
extensively to study fluorescent properties of other styryl dyes and
have laid the foundation for their use in studying cellular events [2].

Spectral properties (both absorption and emission) of LDS 798
were measured while titrated with sodium dodecyl sulfate (SDS—an
ionic detergent) and Triton-X 100 (a non-ionic detergent) at room
temperature. These studies reveal that absorption maxima shifted to
the longer wavelengths upon addition of both SDS and Triton-X100.
The fluorescence spectral analysis showed a progressive blue shift
with increasing concentration of Triton-X 100 but not with SDS. The
intensity of fluorescence increased with addition of detergents (both
SDS and Triton-X 100). This increase was found to be phase
dependent as the LDS fluorescence signal increased once the critical
micellar concentration was attained (8.2 μM for SDS and 200 μM for
Triton-X-100) and leveled off after stable micellar structure was
attained (at higher concentrations of detergent). This observation is
consistent with reports based on the study of the polymerization of

styryl dyes [20] that have reported spectral shift in fluorescence
decreased once nucleation of polymerization was attained.

Study of spectral and radiative properties of styryl dyes in
unilamellar vesicles (mean diameter ~60 nm; Table 2), prepared with
neutral phospholipids (DMPC) and negatively charged phospholipids
(DMPG) showed a red shift in absorption and a blue shift in emission
spectra upon addition of unilamellar vesicles to the dye. Two emission
peaks (at 550 nmand 720 nm) in presence of SUVswas observed when
excited with 530 or 470 nm light (Fig. 7). When excited with even
longer wavelength (620 nm) only one peak at ~740 nm was observed
while the LDS 798 fluorescence attained saturation at lower concentra-
tions of DMPG than DMPC (Fig. 7, lower panels).

Finally, polarity dependent changes in LDS 798 fluorescence in
reconstituted high density lipoprotein (HDL) nanoparticles (rHDL)
were measured to see whether this phenomenon can be applied to
characterization of nanoparticles used in drug delivery. These
nanoparticles were shown to have a mean diameter of b20 nm
(Table 2 ) and contained egg yolk phosphatidyl choline, cholesterol,
cholesteryl oleate and either apolipoprotein A-I protein (in rHDL) or
an apolipoprotein mimetic peptide (termed as 5A peptide in the
figures). These polypeptide components are required for structural
integrity of the synthetic/reconstituted lipoprotein particles. Addition
of rHDL (containing either apo A-I or the 5A peptide) in aqueous
solution of LDS 798 led to a mild red shift in absorption spectra and
strong blue shift in emission spectra (Fig. 8). The fluorescence
intensity increased upon addition of the respective nanoparticles to
the dye. The change in fluorescence spectrum of LDS 798 in presence
of rHDL and peptide nanoparticles suggest alterations in their surface
charge, perhaps due to conformational change in the polypeptide
components as the lipid ingredients of both preparations were
identical.

Ensemble studies show that amphipathic molecules influence the
spectral properties and radiative rates of LDS 798. Most of the
amphipathic molecules induced a red shift in absorption spectra while
in all the cases the fluorescence spectra was blue shifted and the peak
intensity increased by different magnitudes. In reconstituted

Fig. 6. Effect of detergents on the fluorescence signal of LDS 798 in aqueous solution. Addition of detergent in aqueous solution of LDS 798 resulted in red shift of absorption maxima
(top panels), blue shift in emission maxima (middle panel) and increase of fluorescence intensity (bottom panels).

Table 2
Size distribution, Diffusion coefficient and detected concentrations of the lipid based
small unilamelar vesicles and nanoparticles.

Sample Size distribution
(nm)

Diffusion coefficient
(μm/s2)

Detected concentration
(nM)

Free LDS 798 – 199±25
SUVs (pure)

DMPC 55.4 (98%) 3.28±0.5 19.1
2100 (2%)

DMPG 56.4 (96%) 3.79±1.1 0.25
295 (4%)

Nanoparticles (mixed lipids)
rHDL NP 43 (100%) 2.0±0.3 15.2
Peptide NP 34 (100%) 3.1±0.5 11.1
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bilayered structures, always two peaks were observed. This observa-
tion is previously unreported. Unpublished initial studies from our
laboratory for these samples indicate, that there might be two
populations with distinct excitation peaks. Molecular phenomenon
leading to this observation and its significance is not yet clear and
would require further study. The saturation profile of LDS798
fluorescence with DMPC and DMPS suggest that fluorescence
properties of LDS 798 are enhanced when it interacts with the
negatively charged or polar residues or conversely, LDS 798 might not
interact effectively with the neutral phospholipids as compared with
polar/negatively charged lipids. Both these possibilities might be true

as previous reports have shown that styryl dyes have enhanced
fluorescence properties under mildly acidic condition.

3.3. Fluorescence correlation spectroscopy studies on LDS 798

Small log P value of LDS 798 andmanifold increased quantum yield
of LDS 798 in non-aqueous solvents prompted us to hypothesize that
in an aqueous solution with SUV, LDS 798 fluorescence will
preferentially be associated with the nanoparticles as the signal
generated by these associated LDS 798 molecules will be stronger
than the LDS 798 molecules in the aqueous phase. Thus, LDS 798
fluorescence signal can be used to characterize the diffusion of these
submicron particles. The diffusion pattern of LDS 798 molecules
associated with the nanoparticles will thus correspond to that of the
particles themselves andwill be significantly different from those that
are free (and weakly fluorescent). We decided to test the hypothesis
using single point fluorescence lifetime correlation spectroscopy.
Figs. 9 and 10 shows the correlation profile and the burst profile of the
measurements. Table 2 shows the average number of particles and the
diffusion coefficient of LDS 798 in pure phospholipid vesicles (Fig. 9),
reconstituted rHDL and nanoparticles with reconstituted 5A peptide
(Fig. 10). The FCS results were in agreement with dynamic light
scattering results measured independently (Table 2). The traces
measured, showed very high fluctuations (Fig. 9, left) corroborating
that correlation originated from the phospholipid vesicle bound LDS
798 molecules. The signal from the Free LDS 798 in water was very
weak and was characterized by poor correlation and fast diffusion
rates typical of free dyes (Fig. 10). The smaller HDL-like particle was
observed to have a relatively slow diffusion rate. However, this trend
was consistent in all 3 sets of experiments performed. This decrease in
diffusion might be due to the incorporation of ApoA-I or the mimetic
peptide that increases the density of the particle and slows down its
Brownian motion. These results indicate that FCS can be used to study

Fig. 7. Spectral and radiative changes in LDS 798 fluorescence on addition of bilayered membrane. (Top) Normalized spectra of free LDS 798 (continuous line) and LDS 798 in
presence of DMPC (dashed lines) or DMPG (dotted lines) with 530 nm (left) and 620 nm (right) excitation. (Bottom) Fold change in LDS 798 fluorescence at peak intensities on
addition of lipid membranes.

Fig. 8. Effect of HDL and HDL-like nanoparticles on LDS 798 fluorescence. Addition of
nanoparticles resulted in slight red shift of absorption maxima and strong blue shift of
emission maxima. Two peaks were observed in the fluorescence spectra after addition
of nanoparticles to aqueous solution of LDS 798.
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the diffusion, and hence size, of the submicron lipid structures using
solvatochromic fluorescence properties of LDS 798.

Fluorescence correlation studies with LDS 798 dyes indicate that it
can be used to study hydrophobic structures with relatively easy
staining protocol. Advanced correlation techniques have been deve-
loped and can be used to study aggregation pattern inside a cell. On the
other hand, styryl dyes have been used to study exocytosis and other
vesicle related phenomenon. Hence we anticipate that advanced
correlation spectroscopy using styryl dye labeling can play a critical
part in understanding the mechanism of vesicular transport dynamics.
Longwavelength dyes like LDS 798have anadded advantage as the auto
fluorescence background signal is negligible in the near-infra-red range.
Though we have not checked the toxic effects of LDS 798, it has been
reported for ASP dyes that concentrations below micromoles are not
toxic for the cells up to 8–10 h after labeling [4].

Membrane localization and orientation of this subgroup of dyes
has been very carefully linked to its structure. The structure of LDS 798
is very similar the ASP dyes. Themajor difference is in the head region,
which contain a quinolinum ring rather than pyridinium. The tail
region of LDS 798 is very short and contains dimethyl group. For ASP
dyes this short tail generally leads tomembrane permeabilization. The
log P value and solubility profile of LDS 798 suggests that it can be
soluble in aqueous media too. Thus, we believe LDS 798 might be
useful in staining intracellular organellar membranes. Its localization
in sub-cellular structures can be very interesting.

4. Conclusion

LDS 798 is a styryl group dye with near infra-red fluorescence. Its
structure and fluorescence properties indicate that its radiative rate is
dependent upon the micro-domain polarity among other factors. Our
studies show that this can be conveniently used for FCS measure-
ments of lipid based particles smaller than optical resolution. The
concept of studying trafficking patterns of lipid structures using styryl
dyes and FCS is novel and can provide insights in vesicle transport and
release in cytological studies.
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The fluorescence of LDS 798 dye in aqueous solution has a very short lifetime of 24ps, independent
of excitation wavelength. The time response of common photon counting detectors depends on the
wavelength of the registered photon. In lifetime measurements, the instrument response function
�IRF� is usually approximated by the temporal profile of the scattered excitation light. Because �Exc

is typically much shorter than �Em, a systematic error may be present in these measurements. We
demonstrate that the fluorescence decay of LDS 798 is a better approximation of IRF, in particular,
for avalanche photodiodes used in the near infrared spectral region. © 2009 American Institute of
Physics. �DOI: 10.1063/1.3095677�

I. INTRODUCTION

The instrument response function �IRF� in time-resolved
fluorescence measurements is usually obtained by recording
the temporal profile of the excitation light. Back reflection or
elastic scattering provides a strong, easily obtainable signal,
but only observable at wavelengths shorter than the fluores-
cence emission. Conventional photomultiplier tubes �PMTs�
and avalanche photodiodes �APDs� used in time-resolved
spectroscopy and microscopy suffer from the so-called color
effect: their timing response depends on the energy of the
detected photon. This wavelength dependent detector re-
sponse may seriously distort the results of time-resolved
measurements for both frequency and time-domain lifetime
determinations. This effect becomes particularly serious
when the fluorescence lifetime to be resolved is comparable
with the detector response time. A typical example of time-
domain data analysis is the iterative reconvolution. The mea-
sured instrument response to excitation pulses is convolved
with a theoretical model decay function and the result is
compared to the recorded fluorescence decay curve. An in-
herent assumption involved here is that the temporal re-
sponse of the instrument is the same for excitation pulses and
fluorescence photons. However, due to the above-mentioned
color effect of detectors, this is rarely the case. Recording the
IRF at the spectral range of fluorescence would be more
appropriate and often more convenient. For example, chang-
ing filters, dichroic mirrors, and altering the detection path-
way could be avoided in microscope based setups.

It should be noted that fast microchannel-plate PMTs
�MCP-PMTs� are virtually free of color effects.1–3 Due to
their high price, relatively low quantum yield, and low dam-
age threshold, MCP-PMTs are still not standard detectors in
this field. Especially in time resolved microscopy, because of
very weak signals, the high quantum yield APD is the detec-
tor of choice.

The use of reference fluorophores for lifetime measure-
ments has already been reported. Erythrosine B in water so-
lution has a lifetime of about 90 ps and was used as a refer-
ence in flavin fluorescence studies.4,5 Recently, we showed
that Erythrosine B and Rose Bengal fluorescence emission
can be effectively quenched by potassium iodide, resulting in
a lifetime of about 25 ps.6 Collisional quenching of fluoro-
phores is an easy method of shortening the lifetime. For ex-
ample, already three decades ago Harris and Lytle were able
to reduce the Rhodamine 6G lifetime to about 50 ps,7 pre-
serving a monoexponential decay. More recently, quenched
Rhodamine 6G solutions were used for multipoint calibration
of a frequency-domain system.8 The idea of using short lived
reference dyes to avoid the color effect was also proposed by
Szabo and co-workers9 and de Schryver and co-workers.10

Intramolecular quenching by covalent acrylamide-indole ad-
duct demonstrated by Eftink et al.11 shortened the indole
lifetime to about 30 ps. The lifetime of a fluorophore can also
be shortened by stimulated emission depletion �STED�, as
has been demonstrated by Hell et al.12,13

In the visible �VIS� region of the spectrum, it is easier to
find a short lived reference compound, or one can use colli-
sional quenchers. In addition to the above-mentioned dyes
and methods, several stilbenes and styrenes display short,
picosecond decays.14–16 Lifetime standards in ultraviolet and
VIS regions measured independently by various groups have
been recently summarized by Boens et al.17 However, there
is a renewed interest in time-resolved microscopy and life-
time imaging �FLIM� in the near infrared �NIR� region. Re-
cently, we characterized the LDS 798 �Fig. 1� dye oriented in
poly�vinyl�alcohol films as a polarization standard in the
NIR spectral region.18 Although in a solid polymer matrix
this fluorophore displays a lifetime of about 2 ns, we noticed
that lifetimes were remarkably shorter in solutions. In this
article we report on the ultrashort fluorescence emission of
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LDS 798 in solution. We demonstrate its advantage over
conventional recording of scattering in NIR lifetime mea-
surements when utilizing APDs.

II. MATERIALS AND METHODS

1-ethyl-4-�4-�p-dimethylaminophenyl�-1,3-butadienyl�-
quinolinium perchlorate �LDS 798� and pyridine 1 �PY1� in
crystalline form were purchased from Exciton, Inc. and used
without further purification. Rhodamine 800 �Rh800� was
obtained from Lambda Physik �Fort Lauderdale, FL�. The
purity of Rh800 and LDS 798 were more than 98% and 99%,
respectively, as revealed by reversed-phase high-
performance liquid chromatography �RP-HPLC� using Kro-
masil column C-8, 5 �m, 250 mm long, i.d.=4.5 mm, de-
tection at 223, 254, and 500 nm for LDS 798, and 223, 254,
and 680 nm for Rh800. The mobile phase was a gradient
running from 0% to 100% of B �A=water with an addition of
0.01% trifluoroacetic acid, B=80% acetonitrile in water with
an addition of 0.08% trifluoroacetic acid� over 60 min. Ac-
etonitrile for HPLC was obtained from Sigma-Aldrich. Water
was deionized using a Milli-Q Synthesis A10 system pro-
duced by Millipore.

Stock solutions of LDS 798, PY1, and Rh800 were pre-
pared in spectral grade �99.6%� ethanol �EtOH� from Sigma
Aldrich. The phosphate buffered saline �PBS� �20X PBS, pH
of 7.4 from AMRESCO, OH� solution of LDS 798 was pre-
pared by 10 min sonication followed by centrifugation for 15
min at 2000�g in order to remove the microcrystals of the
dye present in the sample.

A. Spectroscopic measurements

Light absorption measurements were performed on a
Cary 50 Bio spectrophotometer �Varian, Inc.�. Emission
spectra were recorded with a Cary Eclipse �Varian, Inc.�
equipped with a red sensitive photomultiplier.

Reference fluorescence lifetimes were measured with a
FluoTime200 fluorometer �PicoQuant, GmbH�. Our setup is
equipped with an MCP detector �Hamamatsu, Inc.�, polariz-
ers, monochromator, and proper long-pass filters matched to
the excitation lines. LDH470 and LDH635 diode laser heads
driven by a PDL800-B driver emitted pulses at 470 and 635
nm with a repetition rate of 40 MHz and an optical pulse
duration of about 65 ps. The fluorescence decay curves were
analyzed by means of iterative reconvolution using the FLU-

OFIT software package �version 4.2.1, PicoQuant GmbH�. A
sum of exponentials,

I�t� = �
i

�i exp�− t/�i� , �1�

where �i and �i are pre-exponential factors and fluorescence
lifetimes, respectively, was used to describe the data.

B. Microscopic measurements: Evaluation of the APD
detector

We evaluated the timing responses of two Perkin-Elmer
SPCM-AQR-14 single photon sensitive APDs incorporated
in the MicroTime200 time-resolved confocal microscope �Pi-
coQuant GmbH�. LDH-P-C-470B and LDH-P-C-635B
pulsed laser diodes �similar to the lasers of the FluoTime200
fluorometer� were used as excitation sources in these experi-
ments. The excitation beam was spectrally cleaned by z463/
25x-HT and z636/10x bandpass filters �Chroma Technology
Corp.� for 470 and 635 nm lasers, respectively. A drop of
sample solution deposited on a glass cover slip �Menzel-
Glaser #1� was mounted on an Olympus IX71 inverted mi-
croscope stage. An Olympus UPlanSApo �60� magnifica-
tion, numerical aperture of 1.2, water immersion� objective
focused the laser beam 10 �m above the surface of the
cover slip into the sample volume. The same objective col-
lected the fluorescence and/or the scattered excitation light,
which was detected by the APD and processed by the Pico-
Harp300 time-correlated single-photon counting module. For
measurements of scattered light, we used a dilute solution of
colloidal silica �Ludox, Aldrich, Inc.�. Fluorescence emission
in the NIR region was observed through combination of a
640 nm long-pass Razor Edge and 775/175 band-pass filters
�Semrock�. Decay data analysis was performed using SYM-

PHOTIME �v. 4.7.2.1� software package that controlled the
data acquisition as well.

III. RESULTS AND DISCUSSION

A. Spectral properties of LDS 798

LDS 798 �Fig. 1� is a well known styryl dye, which is
often used �in a slightly modified form� for staining of bio-
logical materials.19 Figure 2 shows the absorption and fluo-
rescence spectra of LDS 798 in EtOH and PBS. The absorp-
tion spectrum of LDS 798 in EtOH solution consists of an
unstructured band in the long wavelength region with a
maximum at 580 nm. The absorption in water solution �PBS�
is shifted to shorter wavelengths and displays a maximum at
500 nm. Such a large shift in the absorption maximum for
molecules in water solutions typically results from
homoaggregates.20–22 Dipolar coupling is more likely to lead
to delocalized excitonic states for the LDS 798. The ob-

FIG. 1. Chemical structure of LDS 798.

FIG. 2. Absorption and fluorescence spectra of LDS 798 in EtOH �top� and
PBS �bottom�.
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served hypsochromic shift suggests that the excitonic inter-
actions are associated with a formation of small molecular
aggregates with oblique orientation of dipole moments of the
neighboring molecules. An alternative explanation is the pos-
sibility of cis-isomerization in prolate molecules like
stilbenes23–25 or diphenyloctatriene.26

Although LDS 798 has a strong fluorescence emission in
a rigid polymeric matrix �quantum yield of 0.48 �Ref. 18��,
in liquid solutions, the fluorescence is weaker. Upon 635 nm
excitation the fluorescence quantum yield is 0.011 and 0.002
in EtOH and PBS, respectively. The emission maximum is at
770 nm in EtOH solvent and at 777 nm in PBS �see Fig. 2�.
There is no measurable spectral shift of emission when the
excitation wavelength is changed to 470 nm.

Full explanation of the LDS 798 photophysics is out of
the scope of this communication. The reproducibility of
sample preparation is more important for its use as an IRF
standard. We repeated the preparation of LDS 798 in PBS
solution several times and checked the consistency of spec-
tral properties. We observed no changes in the position of
absorption and fluorescence spectra for a set of samples with
maximum absorbances from about 0.02–1.1, corresponding
to concentrations of 0.4�10−6M to about 24�10−6M.

B. Fluorescence intensity decays of LDS 798
measured with an MCP detector

Figure 3 shows the fluorescence decays of LDS 798 in
EtOH and in aqueous PBS, together with the IRF obtained

by �Ludox� scattering the 635 nm laser beam used for exci-
tation. The smooth curves are single exponential decay func-
tions convoluted with the IRF. The fitted lifetime values are
0.15 ns and 24 ps for EtOH and PBS, respectively. Including
a second exponential term into the model did not improve
the goodness of the fit �reduced chi-squared, �R

2� parameter
significantly. We repeated these measurements using samples
with various concentrations of LDS 798 and the fitted life-
times were found to be constant. Because the weighted re-
siduals are smaller than three standard deviations already for
a single exponential decay model, we concluded that the
fluorescence decay of LDS 798 is indeed single exponential
with lifetimes reported above.

Fluorescence decay measurements of LDS 798 in PBS
were performed also using the 470 nm diode laser. The re-
sult, a single exponential decay with a lifetime of 24 ps is
shown in Fig. 4. Our conclusion is that the decay time of
LDS 798 in PBS is independent of the excitation wavelength
and the MCP-PMT does not show any discernible color ef-
fect. LDS 798 in aqueous buffer solution is an ideal lifetime
standard in the NIR region and the very short lifetime gives
the opportunity to characterize the IRF of other photodetec-
tors used in NIR time-resolved fluorescence spectroscopy/
microscopy.

C. IRF evaluation of an APD detector

The Perkin Elmer SPCM-AQR series detectors are
single photon sensitive avalanche photodiodes, very popular
in microscopy because of their high quantum efficiency. We
evaluated the timing response of this detector as a function
of detection wavelength. First, we obtained an IRF with 588
ps full width at half the maximum �FWHM� when the scat-
tered excitation photons with �=470 nm were detected. The
optical duration of our laser pulses is shorter than 70 ps and
the electrical timing resolution of the TCSPC electronics is
better than 24 ps FWHM. Therefore the FWHM of the ex-
perimentally obtained IRF is entirely dominated by the tim-
ing response of the APD. By replacing the Ludox scatterer
with a drop of LDS 798 solution in PBS and observing the
fluorescence at around 775nm, we obtained an IRF with 470
ps FWHM. This is a very significant difference and Fig. 5
shows the comparison. As expected �data not shown� the

FIG. 3. �Color online� Fluorescence intensity decays of LDS 798 in �a�
EtOH and �b� PBS pH 7.4.

FIG. 4. �Color online� Fluorescence intensity decays of LDS 798 in PBS,
pH 7.4, excited at 470 nm, observed at 770 nm.
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color effect is weaker for 635 nm excitation. The difference
in FWHM value for 635 nm laser and LDS 798 emission at
775 nm is about 30 ps. IRF received from the scatterer still
remains broader, despite of a 24 ps lifetime of the dye. Both
APDs incorporated in our setup show the same behavior. We
conclude that higher energy photons cause secondary photo-
physical processes in silicon photodiodes upon detection, re-
sulting in broader timing responses in the blue region than in
the red. However, this color effect is very critical for precise
measurements of fluorescence lifetimes.

D. Lifetime measurements with an APD detector

In order to show how severe the distortion can be, we
compared the lifetime analysis results obtained by using ei-
ther Ludox scatterer or LDS 798 in PBS. Figure 6 shows the
fluorescence decay of Rh800 in EtOH solvent �blue� excited
at 470 nm and observed through a 590 long pass filter. Using
scattered excitation light as the IRF, the decay is not well
described with a single exponential model. The �R

2 for this
evaluation is 7.25 and the residuals in Fig. 6 show systematic

deviation. In this case the fitted single exponential lifetime is
1.18 ns, much shorter than that reported in the literature27

and also obtained by us with the MCP detector based setup.
It is possible to achieve an acceptable fit with a �R

2 close to
unity using the double exponential model with lifetimes of
54 ps and 1.94 ns and relative amplitudes of 0.77 and 0.23,
respectively. However, this is contradictory because the de-
cay of Rh800 in EtOH is indeed single exponential. The
results of iterative single exponential reconvolution analyses
are summarized in Table I. Approximating the IRF by the
fluorescence decay of LDS 798 in PBS yields a much better
fit with a lifetime of 1.85 ns and an acceptable �R

2 value, as
shown on Fig. 7.

To further explore the significance of color effect, we
recorded the fluorescence decay of PY1 dye in EtOH �Fig.
8�. Owing to the relatively short lifetime of PY1 in compari-
son to Rh800, the impact of the color effect on the analysis is
much more pronounced. Using the scattering as an IRF
yields a lifetime of 0.28 ns with �R

2 =18.41, an obviously
wrong result. Because the temporal profile of scattering is
broader than the real IRF, reconvolution fitting leads to an
apparent, shorter lifetime value as compared to that in the
literature.28 The proper lifetime of 0.37 ns and acceptable
distribution of residuals are obtained when the fluorescence
decay of LDS 798 is used as an IRF �Fig. 9�. Again, the

FIG. 6. �Color online� Fluorescence intensity decay of Rh800 in EtOH,
detected with Perkin-Elmer SPCM-AQR-14 detector. IRF is approximated
by the temporal profile of scattered 470 nm excitation light. The single
exponential model �smooth curve� does not match the experimental data.

FIG. 5. �Color online� APD �Perkin-Elmer SPCM-AQR-14� responses to
the pulsed 470 nm excitation. �a� Scattering from colloidal silica observed at
470 nm. �b� Fluorescence signal from LDS 798 in PBS, pH 7.4, observed at
longer wavelengths ���590 nm�.

TABLE I. The measured lifetimes of LDS 798, Rh800, and PY1 in EtOH and PBS using different detectors and
IRFs.

Compound
Exc.
�nm� Detector IRF �1

�1

�ns� �R
2

LDS 798 in EtOH 635 MCP Ludox 1 0.15 0.98
LDS 798 in PBS Buffer 635 MCP Ludox 1 0.024 1.16
LDS 798 in PBS Buffer 470 MCP Ludox 1 0.024 1.15
Rh800 in EtOH 470 MCP Ludox 1 1.86 1.12
Rh800 in EtOH 470 SPAD Ludox 1 1.18 7.25
Rh800 in EtOH 470 SPAD LDS 798 1 1.85 1.75
PY1 in EtOH 470 MCP Ludox 1 0.37 1.11
PY1 in EtOH 470 SPAD Ludox 1 0.28 18.41
PY1 in EtOH 470 SPAD LDS 798 1 0.37 1.11
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outcome is fully consistent with the reference measurement
performed with the MCP detector �see Table I�.

IV. CONCLUSIONS

The fast fluorescence decay of LDS 798 fills the NIR
spectral gap of fluorescence standards. This reference sample
is very easy to prepare, covers extended regions of excitation
and emission wavelengths �see Fig. 2�, and is relatively
bright. The advantage of using short lived fluorescence com-
pounds instead of scattering is evident for APD detectors,
especially when the observation is at much longer wave-
length�s� than that of the excitation. In this case, an IRF
obtained by scattering excitation light hampers the determi-
nation of correct lifetimes and may result in false and mis-
leading virtual decay components. Proper IRF approximation
is therefore extremely important in FLIM measurements,
where these effects can completely distort the picture. Addi-
tional benefit of the use of fast lifetime references, like the
proposed LDS 798 in water-based solution, is the partially
depolarized signal. Microscope based anisotropy measure-
ments typically utilize two detectors with a polarizing beam

splitter between them. Simultaneous determination of two
IRFs is necessary, which is difficult to accomplish using scat-
tered light. Because weak scattering or back reflection pre-
serves the polarization plane of the excitation beam, the par-
allel polarized signal is by orders of magnitudes stronger
than the perpendicular polarized one, leading to problems
with signal to noise ratio.
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We present studies of polarized absorption [linear dichroism (LD)] and fluorescence polarization of the
styryl derivative (LDS 798) embedded in oriented poly(vinyl alcohol) (PVA) films. These films were or-
iented by progressive stretching up to eight folds. Both vertical and horizontal components of absorptions
and fluorescence were measured and dichroic ratios were determined for different film stretching ratios.
The dichroic ratio and fluorescence anisotropy values were analyzed as a function of PVA film stretching
ratio by fitting according to the previously developed theory. For maximum stretching ratios, exception-
ally high anisotropy (∼0:8) and polarization (∼0:9) values have been measured. The stretched films have
high polarization values also for isotropic excitation in a wide spectral range (500–700nm). Such films
can be conveniently used as high polarization standards and we envision they will also have applications
in near infrared (NIR) imaging microscopy, where they can be used for correcting an instrumental factor
in polarization measurements. © 2008 Optical Society of America

OCIS codes: 180.2520, 300.6280.

1. Introduction

Fluorescence spectroscopy is a well recognized tool
for probing molecular structures, environment, and
studying underlying dynamics of biomolecular sys-
tems in vitro and in vivo. Rapidly growing applica-
tions of fluorescence in cellular and tissue imaging
stimulated great efforts to develop newwater-soluble
fluorophores that emit in red and near infrared (NIR)
spectral ranges where the background (autofluores-
cence) from biological samples is minimized. Many of
the biological processes like biomolecular transport,

ligand binding, and protein-protein interactions can
now be monitored on the cellular and tissue level.
During the last decade, progress in detector technol-
ogy also enabled new advanced applications of fluor-
escence microscopy that now extend to detection and
studying even single molecule systems. The biggest
obstacles for single molecule studies are background
fluorescence, fluorophore photostability, and fluoro-
phore blinking. Today’s market offers a wide variety
of red and NIR fluorescence labels as well as fluores-
cence proteins that can be used for labeling biological
systems. An ideal fluorescent dye for single molecule
spectroscopy should have high photostability, high
quantum yield, and minimal blinking.

0003-6935/08/336257-09$15.00/0
© 2008 Optical Society of America
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Many of the new emerging applications are begin-
ning to usemore sophisticated fluorescence measure-
ments in microscopy setups. Fluorescence lifetime
imaging (FLIM) [1–3] and/or Förster resonance en-
ergy transfer (FRET) [4–7] are frequently used to di-
rectly study biomolecular interactions and their
colocalization [8,9]. Also measurements of fluores-
cence polarization and fluorescence correlation spec-
troscopy (FCS) are becoming more common since
they provide useful information regarding macromo-
lecular mobility and flexibility on the cellular level
[10–12]. It is becoming more and more evident that
many of these advanced applications will benefit
from information on basic spectroscopic properties
of fluorescent probes. Generally, available informa-
tion is limited to extinction coefficient, quantum
yield, and occasionally fluorescence lifetime of these
probes. The fundamental information regarding the
number of available transitions, and especially the
orientation of transition moments, is almost always
not available or unknown for new dyes. This informa-
tion can be crucial for polarization-based studies or
for determination of the orientational factor in FRET
(κ2), and FRET data interpretation [13–16]. Also,
knowledge of transition moment orientation may
generally helps in rational use of various dyes as la-
bels to study the polarization and flexibility/mobility
of biological systems.
Fluorescence polarization (anisotropy) measure-

ments have already proved their value to study
macromolecular mobility in vitro using protein or
other biomolecule solutions in the cuvette system.
Presently, more sophisticated applications of fluores-
cence anisotropy using a microscope configuration
provide unique opportunities for characterization
and tracking of small subunits of living systems
[17,18]. Small confocal volume makes it possible to
perform anisotropy even inside the cells, which can
allow characterization of the microenvironment of
cell interiors [19,20]. Similarly, localized FRET mea-
surements provide information about distance distri-
bution and homo-FRET between green fluorescent
proteins (GFPs) expressed in bacteria [21–23]. The
sophisticated optics of a typical microscopy system
contains multiple optically active elements, and
proper interpretation of the details of the measure-
ments will require very precise optical system cali-
bration. This calls for special geometrical
conditions and, most importantly, for molecular
fluorescence standards to correct for light depolariza-
tion by massive numbers of optical elements in an
optical path. Over the years many fluorescence stan-
dards for polarization measurements in the classic
fluorometric configuration (square and front-face)
have been developed [24–27]. Such standards are ty-
pically used to calibrate optical pathways in stan-
dard fluorometers (so called G-factor correction).
However, microscope configuration is different from
configuration of fluorometers and contains multiple
optical elements, especially high numerical aperture
(NA) objectives that may drastically effect polariza-

tion of transmitted light. Unfortunately, today we do
not have simple standards that could be used to test
and calibrate optical paths for microscope systems.

Here, we have selected a commercially available
fluorescent dye LDS 798 (styryl 11) that has very
wide visible absorption band from about 450 to
730nm, with maximum absorption peak at about
600nm and maximum emission at 750nm. These
are very convenient wavelengths for laser diode ex-
citations at 635 and 650nm and are generally avail-
able with today’s microscopy systems. We conducted
in-depth spectroscopy studies of the dye and have de-
termined excitation and emission polarizations,
fluorescence lifetimes, and transition moment orien-
tation. Linear dichroism (LD) and fluorescence polar-
ization studies in oriented polymer films revealed
that low energy absorption transition dipoles and
emission transition dipoles are oriented almost along
a long molecular axis. Also we have realized that a
stretched polymer film with embedded dyes can be
conveniently used as high polarization standards
for microscopy. Such polymer films are very thin
(can be ∼100 μm) and are very stable. We also pre-
sent simple examples of how to use such standard
to test and calibrate a typical confocal microscopy
system.

2. Materials and Methods

A. Chemicals

All experiments described below were performed
using LDS 798 and PVA obtained as powder from Ex-
citon (OH) and Sigma Aldrich, respectively, and used
without further purification. All aqueous solutions
were prepared from deionized water (Millipore).
10% PVA films were prepared by dissolving PVA
in water heated to 100 °C under continuous stirring
for 2–3h. The mixtures of LDS 798 with PVA were
poured onto horizontal glass plates and left for
48h to dry. The films were removed and cut into rec-
tangular pieces (∼30mm × 20mm). Such a piece was
clamped in a stretching device and progressively
stretched up to ∼8 times its original length, which
was close to its elastic limit. In the stretching proce-
dure, the film was heated and the stretching force ad-
justed to assure a smooth film elongation. Before
stretching we marked a 10mm diameter circle in
the center of a film strip. The stretching ratio has
been defined as the ratio between the long and short
axis of the ellipsoid formed upon stretching [28–30].

For correctly prepared films, the center area of
about (5mm × 5mm) is very uniform. The fluores-
cence signal intensity and polarization measured
with laser excitation (beam diameter 0:5mm) was
the same within the entire central region of the
stretched film.

We prepared films with various LDS 798 concen-
trations and did not find any dependence of dichroic
ratio on the dye concentration. In the case of LDS
798, the optical densities of prepared films were
rather low, not extending 1.0 at 600nm because of
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the dye solubility in the PVA solution. Low concen-
tration of the dye also avoids unwanted crystalliza-
tion during the drying process.

B. Instrumentation

Absorption, emission, and excitation spectra were re-
corded using a Cary 50 Bio and a Cary Eclipse fluor-
escence spectrophotometer (Varian) equipped with
manual rotatable polarizers in the light travel path.
Polarized components of the fluorescence emission
were measured in a front-face configuration on a
FluoTime 200 (Picoquant, GmbH) equipped with a
635nm laser diode that was near the absorption
maximum of LDS 798. The fluorescence passed
through a long wavelength pass (LWP650) filter,
Glan–Taylor (G-T) polarizer and monochromator.
The emission intensities were measured alterna-
tively for parallel and perpendicular orientation of
polarizer-analyzer. Microscopy measurements were
done on a time resolved confocal system, MicroTime
200 (Picoquant, GmbH). This microscope is equipped
with avalanche photodiode detectors (APDs) (Perkin
Elmer SPCM-AQR-14) and a 60× water immersion
NA 1.2 OLYMPUS objective.

C. Theory

The theory for polarized absorption and emission of
prolate dyes oriented in stretched PVA films have
been previously described in detail [28–34]. Here
we only summarize the procedures used previously.
The two orthogonal absorption componentsA∥ðλÞ and
A⊥ðλÞmeasured for light polarized in two orthogonal
directions, parallel (∥) and perpendicular (⊥) to the
stretching direction, can be expressed by dichroic ra-
tio Rd in the following form:

RdðλÞ ¼
A∥ðλÞ
A⊥ðλÞ

: ð1Þ

The measured value of dichroic ratio Rd depends
on stretching ratio Rs ¼ a=b (defined as the axial
semimajor a and the axial minor b axis of an ellipse
deformed from a circle of radius that was initially
drawn on the film [28–30]). And the absorption ani-
sotropy K [35,36] is given by

KðλÞ ¼ A∥ðλÞ � A⊥ðλÞ
A∥ðλÞ þ 2A⊥ðλÞ

¼ RdðλÞ � 1
RdðλÞ þ 2

: ð2Þ

The measured wavelength dependent emission
anisotropy rðλÞ is defined as

rðλÞ ¼ IVVðλÞ �GðλÞIVHðλÞ
IVVðλÞ þ 2GðλÞIVHðλÞ

; ð3Þ

where GðλÞ is the wavelength dependent instrumen-
tal correction factor (G factor). The first index refers
to the orientation of the excitation polarizer (H–

horizontal, V–vertical) and the second to the
orientation of the emission polarizer.

The limiting value of the anisotropy (polarization)
for a single electronic transition is reached when no
molecular reorientation occurs during the excited
state lifetime. Calculation of theoretical values of
absorption and emission anisotropy relies on the as-
sumption that a rigid isotropic solution of fluoro-
phores is excited by linearly polarized light and
photoselected molecules conserve the initial distribu-
tion. Figure 1 represents an arbitrarily selected mo-
lecule in the coordinate system. Angleω1 refers to the
orientation of the absorption transition moment and
angle ω2 to the orientation of the emission transition
moment of the molecule. φ is the angle between long
axis (OM) of the molecule and the absorption transi-
tion dipole moment ~A, and β is the angle between

Fig. 1. (a) Geometry of photoselection: P, polarization filter; A∥

and A⊥, absorbances of light measured parallel and perpendicular
to stretching direction, respectively; ω1 and ω, angles between or-
ientation axis z and transition dipole moments for absorption ~A
and long axis of molecule OM, respectively; φ, angle between tran-
sition dipole moment ~A and molecular axis OM; δ, angle formed by
the planes ðz;OMÞ and ðz; ~AÞ. (b) Geometry of dichroic calculations:
~ε, polarized electric vector of excitation light; P, projection of the
polarization filter; I∥ and I⊥, intensities of emission light mea-
sured parallel and perpendicular to the incidence polarization, re-
spectively; ω1 and ω2, angles between the photoselection axis z and
the transition dipole moments for absorption ~A and emission ~E,
respectively; β, angle between transition dipole moments ~A and
~E; δ, angle formed by the planes ðz; ~AÞ and ð~E; ~AÞ.
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absorption and emission (E) transition moments.
The value of absorption Kðω;φÞ and emission aniso-
tropy rðω1; βÞ can be expressed as [30–32]

Kðω;φÞ ¼ 3hcos2ω1i � 1
2

¼
�
3
2
hcos2ωi � 1

2

��
3
2
cos2φ� 1

2

�
; ð4Þ

rðω1; βÞ ¼
3hcos2ω2i � 1

2

¼
�
3
2
hcos2ω1i �

1
2

��
3
2
cos2β � 1

2

�
; ð5Þ

where ω and ω1 are angles between the z axis of the
coordinate system and the long axis of the molecule
(ω) and the absorption transition dipole moment ~A,
respectively. β is the angle between the absorption
and emission transition dipole moments, and ω2 is
the angle between the z axis and the emission tran-
sition moment. For uniform distribution around the δ
angle, the average value of cos2ω or cos2ω1 is given by

hcos2ωi ¼
R π=2
0 f ðωÞcos2ωdωR π=2

0 f ðωÞdω
; ð6Þ

hcos2ω1i ¼
R π=2
0 f ðω1Þcos2ω1dω1R π=2

0 f ðω1Þdω1

; ð7Þ

where functions f ðωÞdω and f ðω1Þdω1 describe the
distribution of the long molecular axis (OM) and
the distribution of absorption dipole moment, respec-
tively. The orientational distribution function for
elongated molecules in a stretched polymer can be
described as function of stretching ratio RS [28,29]:

f ðωÞ ¼ R2
S sinω½1þ ðR2

S � 1Þsin2ω��3=2; ð8Þ

f ðω1Þ ¼ R2
S sinω1cos2ω1½1þ ðR2

S � 1Þsin2ω1��3=2:
ð9Þ

We seek analytical solutions for Kðω;φÞ and
rðω1;φÞ presented in Eqs. (4) and (5). To do this we
need to put Eq. (8) into Eq. (6) and make substitution
for trigonometric function cosω ¼ x. This results in

hcos2ωi ¼
R
0
1

R2
S
x2dx

ðR2�1Þ3=2ða2�x2Þ3=2R
0
1

R2
Sdx

ðR2�1Þ3=2ða2�x2Þ3=2
; ð10Þ

where a2 ¼ R2
S=ðR2

S � 1Þ. An analogical procedure
was performed for the solution of the average value

of cosω1 in Eq. (7). A combination of Eqs. (9) and (7)
gives

hcos2ω1i

¼
R π=2
0 R2

S sinω1cos4ω1½1þ ðR2 � 1Þsin2ω1Þ��3=2dω1R π=2
0 R2

S sinω1cos2ω1½1þ ðR2
S � 1Þsin2ω1��3=2dω1

;

ð11Þ
where both the numerator and the denominator can
be simplified to an easier form by substitution of
cosω1 ¼ y. This enables us to rewrite the integrals as

hcos2ω1i ¼
R
0
1

R2
Sy

4dy
ðR2�1Þ3=2ða2�y2Þ3=2R

0
1

R2
Sy

2dy
ðR2�1Þ3=2ða2�y2Þ3=2

: ð12Þ

Finally, one may calculate both anisotropies (K
and r) dependent on the stretching ratio and angle
φ between the long axis of the molecule and the tran-
sition dipole moment for absorption (or the angle be-
tween absorption and emission transition dipole
moments β for r calculation):

Kðφ;RSÞ ¼
�
3
2
a2½1� ða2 � 1Þ1=2 arcsinð1=aÞ� � 1

2

�

×
�
3
2
cos2φ� 1

2

�
; ð13Þ

rðβ;RSÞ

¼
�
3
2

ða2 � 1Þ1=2 þ 2a2ða2 � 1Þ�1=2 � 3a2 arcsin
�

1
a

�

2ða2 � 1Þ�1=2 � 2 arcsin
�

1
a

�

� 1
2

��
3
2
cos2β � 1

2

�
: ð14Þ

Based on Eqs. (2) and (13) dichroic ratioRd is given
by

Rd¼

2
1þa2½1�ða2�1Þ0:5arcsinð1=aÞ�ð3cos2φ�1Þ�cos2φ
1�a2½1�ða2�1Þ0:5arcsinð1=aÞ�ð3cos2φ�1Þþcos2φ :

ð15Þ

3. Results and Discussion

The structure of the LDS 798 compound is illustrated
in Fig. 2. The chromophore consists of phenyl and
quinoline rings with positive charge delocalized
across the quinoline ring and the system of five con-
jugated bonds. This elongated molecule can be effi-
ciently oriented in an anisotropic environment.
Normalized absorption and emission spectra of
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LDS 798-doped PVA films in the visible range to NIR
are shown in Fig. 3. Maximum absorption spectrum
was found at about 600nm. Both absorption and
fluorescence spectra are not structured and display
a large Stokes shift. Excitation anisotropy data
(Fig. 3, filled circles) at observation of 750nm reveals
that the lowest energy absorption band (electronic
S0 → S1 transition) is a single transition that is or-
iented almost parallel to the long molecular axis. In
fact, anisotropy for the whole long wavelength ab-
sorption band is high and consistent with a single
transition. The emission spectrum shown in Fig. 3
was recorded using an excitation wavelength of
635nm. As expected, the emission spectrum does
not change shape when excited with different wave-
lengths. Measured fluorescence anisotropy within
the emission band slightly decreases for longer wave-
lengths, suggesting a residual relaxation process.
The strong single electronic transition in the wide

(visible–NIR) range of wavelengths and the large
Stokes shift make LDS 798 dye a good candidate
for the fluorescence standard. We estimated the
quantum yield (QY) of LDS 798 in PVA as 0.47 com-
pared with the ethanol solution of nile blue, QY ¼
0:27 [37]. Figure 4 presents the polarized absorption
spectra of PVA films containing LDS 798 as a func-
tion of the stretching ratio. In general, the spectra
show progressive increase of dichroic ratio with an
increase of the stretching ratio, as expected for elon-
gated molecules. This dependence is shown in Fig. 5.
Dichroic ratio plotted on this figure progressively in-

creases with the film stretching ratio. The depen-
dence of absorption anisotropy versus stretching
ratio is shown in Fig. 6. Based on Eq. (13), an average
orientation of the absorption transition dipole mo-
ment of LDS 798 chromophore with respect to the
long axis of this molecule can be calculated. The the-
oretical fit to experimental data presented in Fig. 6
as a continuous line is consistent with angle φ ¼ 0,
which means that the transition dipole moment for
LDS 798 is practically aligned along the long axis
of the molecule.

Highly efficient orientation of the LDS 798 mole-
cule under stretching conditions can be seen in Figs. 7
and 8. Figure 7(a) shows the size and shape of a film
used for photographs. Figure 7(b) shows four photo-
graphs of fluorescence spots received for highly

Fig. 2. Chemical structure of NIR fluorophore LDS 798.

Fig. 3. Normalized absorption and emission spectra LDS 798 in
isotropic (unstretched) PVA film shown as solid and dotted line,
respectively. Filled and empty points present anisotropy data
for excitation (observed at 750nm) and emission (excitation at
635nm) fluorescence, respectively.

Fig. 4. Parallel (—) and perpendicular (- -) polarized absorption
spectra of LDS 798 recorded for different values of stretching
ratio RS.

Fig. 5. Dependence of dichroic ratio Rd on stretching ratio RS for
LDS 798-doped PVA films. Symbols correspond to experimental
data and the continuous line corresponds to the theoretical values
obtained for φ ¼ 0° in Eq. (15). The error bars for RS were
estimated with the assumption of 0:2mm accuracy in the length
measurements.
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stretched polymer film illuminated with visible non-
polarized light and observed through an analyzing
polarizer with a different orientation relative to
the stretching direction. The photographs were ta-
ken with a Canon EOS 300D digital SLR camera
with 18–55mm f -stop lens (Canon) through a
LWP650 long wavelength pass filter and a polarizer.
Different angles give easily recognizable differences
in intensity of fluorescence light.
Figure 8 presents image data measured by a CCD

camera in microscope configuration for the same
stretched film for two orthogonal orientations, per-
pendicular and parallel relative to the excitation po-
larizer orientation, respectively. Almost 80% change
in intensity was observed by the system when chan-
ging the film orientation.
The angular relation between the electronic tran-

sition dipole moment for absorption and emission is
given by a combination of Eqs. (14) and (15) and is
reflected in the plot of fluorescence anisotropy as a
function of dichroic ratio (Fig. 9). The maximum va-

lue of anisotropy (0.82) was observed for RS ¼ 8. The
solid line in Fig. 9 is a theoretical prediction of ex-
perimental values (as expected from Eq. (14)) with
an assumption of alignment of the transition dipole
moment along long axis of molecule (φ ¼ 0).
Although this equation is only an approximation, a
very good fit can be observed for the angle between

Fig. 6. Experimental points and theoretical prediction for the de-
pendence of the absorption anisotropy KðRS;φÞ on the stretching
ratio RS for LDS 798-doped PVA films. The theoretical line was
calculated from Eq. (13) with the assumption φ ¼ 0°.

Fig. 7. (a) Photograph of stretched LDS 798-doped PVA film.
(b) Intensities of fluorescence emission observed for four different
angles (0, 45, 70, and 90°) relative to the stretching direction of the
PVA film.

Fig. 9. Dependence of the emission anisotropy r (and polarization
P) on the dichroic ratio Rd determined for stretched PVA films
doped with LDS 798. Figure presents experimental data (points)
and least square fit to them by using Eq. (14).

Fig. 8. Images observed for highly stretched PVA film with
LDS 798 for two different polarizations, (a) perpendicular and
(b) parallel.
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the absorption and the emission transition dipole
moments of about β ¼ 8 °.
Measured fluorescence intensity decay for this

chromophore in the isotropic PVA film is presented
in Fig. 10. Data were obtained with an excitation
pulse at 653nm and observation at 750nm. A very
good fit with fluorescence decay of the LDS 798
was obtained using a single exponential (χ2) value
equal to 0.973. Analysis of intensity decay reveals
a single fluorescence lifetime (2:17ns) that is also
reported in Table 1. The fluorescence lifetime drops
significantly for the same probe in organic solvents
and water (data not shown).

4. Conclusions

LDS 798 dye has been characterized in PVA films.
The dye has a relatively high quantum yield (0.47
in PVA film) and single electronic transition S0 −

S1 in red and NIR regions. Consequently, LDS 798
displays a high degree of linear dichroism and very
high fluorescence anisotropy (Figs. 3 and 4) in
stretched polymer films. The progressive stretching
of the polymeric films is accompanied with a progres-
sive orientation of the dye molecules along the
stretching axis. The absorption and fluorescence
measurements conducted in a front-face configura-
tion provided the quantitative data on a dichroic
ratio, as well as on fluorescence quantum yield, life-
time, and anisotropy. The known values of anisotropy
can be used to determine the correction factors in
polarization measurements using the microscope.
This is important in the case of high numerical aper-

ture objectives that distort polarization [38]. To eval-
uate this distortion, we rotated the unstretched LDS
798-doped PVA film and observed fluorescence sig-
nals through a polarizer oriented parallel or perpen-
dicular to the polarization direction of the excitation
laser (Fig. 11).

In the case of an isotropic film, polarized compo-
nents of fluorescence do not depend on the orienta-
tion of the sample. The ratio of parallel to
perpendicular emission components remains con-
stant at a value of 2.79. If the polarized components
were not distorted, the ratio should be equal to 2.41,
which corresponds to the value of anisotropy of 0.32
(see Fig. 3 at 635nm excitation). To obtain a correct
value of anisotropy, the parallel component should be
multiplied by a factor of 1.16 (G factor).

We also present another way to find the G factor
that does not require prior knowledge of sample an-
isotropy. This is a more general and accurate ap-
proach that only requires a partially oriented
sample, such as a stretched polymer film. Figure 12
shows the polarized components while the stretched
sample was rotated on the microscope stage. Because
of the symmetry of the fluorophores distribution in
the stretched film, the maximum intensity of the per-
pendicular component appears with double fre-
quency (compare Figs. 12(a) and 12(b)). When the
film is oriented and excited at 45°, the parallel
and perpendicular components must be equal. The
ratio of the intensities of polarized components mea-
sured with parallel and perpendicular orientation of
analyzer–polarizer is equal to theG-factor value. The
same ratio was found for different stretched films
and does not depend on the stretching ratio. The
average value of the G factor estimated from
stretched and isotropic films was found to be
1.155. This is very close to the value that was deter-
mined from the unstretched film method.

We recommend this simple method for finding the
G factor in any spectroscopy/microscopy instrumen-
tation. Note that, using oriented dye-doped films, the

Fig. 10. Fluorescence intensity decay of LDS 798-doped PVA film
(isotropic). Excitation was 635mm, observation was 750mm.

Table 1. Photophysical Characteristics of LDS 798-Doped PVA Film

Compound
λmax abs
(nm)

λmax em
(nm) QY

τ
(ns) rmax

φ
(deg)

LDS 798 in PVA
Film

600 750 0.47 2.17 0.37 8

Fig. 11. Fluorescence intensities of polarized components ob-
served for an isotropic sample of LDS 798-doped PVA film. The
sample was rotated on the microscope stage and illuminated by
high numerical aperture objective 1.2, 60× OLYMPUS. To obtain
a correct value of anisotropy (0.32, Fig. 3), the parallel component
must be multiplied by a G factor of 1.16.
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investigator does not need to know either anisotropy
values or stretching ratio to estimate the instrumen-
tal G factor.

This work is supported by the Polish Ministry of
Science and Higher Education Grant No.17/MOB/
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a b s t r a c t

We describe spectral properties of novel fluorescence probe DyLightTM 594. Absorption and fluorescence
spectra of this dye are in the region of Alexa 594 fluor spectra. The quantum yield of DyLight 594 in con-
jugated form to IgG is higher than corresponding quantum yield of Alexa 594 by about 50%. The new
DyLight dye also shows slightly longer lifetime and photostability. These favorable properties and high
anisotropy value, as well as a high cross-section for two-photon excitation, make this fluorophore attrac-
tive as a fluorescence probe in biochemical/biological studies involving fluorescence methods.

Published by Elsevier B.V.

1. Introduction

The fluorescence applications depend on the development of
new probes. In recent years there is a constant progress in new
fluorescence markers such as quantum dots [1–3] or fluorescent
proteins [4–6]. However, these new fluorescence probes cannot al-
ways substitute organic fluorophores. Therefore many of new fluo-
rophores and their active forms have been developed and
commercially produced. It is now easy to select a fluorescent probe
in any spectral region. Despite this enormous progress however,
there is still a need for more efficient and photostable dyes. This
is due to minimization of used volumes and constant demand for
higher sensitivity in high throughput screening and arrays analysis.
Also, immunohistology studies demand photostable, long wave-
length dyes for detection of less abundant tissue proteins [7]. The
major problem for meeting this demand is in the fact that quantum
yield of conventional organic fluorophores decreases once it is con-
jugated to proteins [7]. Though fluorescein based dyes are not
quenched to that extent, they are considered to be photolabile
[8] and unsuitable for prolonged microscopy experiments. Rhoda-
mine based dyes are known for their photostability but tend to

form non-fluorescent derivatives and get self-quenched upon con-
jugation with proteins [9]. New dyes based on the structure of
these dyes, but with modified reactive groups, have been devel-
oped by various groups. These dyes have: (a) comparatively high
brightness and photostability and (b) are insensitive to tempera-
ture and pH changes in the environment.

Other photophysical properties like fluorescence lifetimes and
correlation times of fluorophores are also becoming important as
techniques like fluorescence lifetime imaging microscopy (FLIM)
and anisotropy decay are being used in understanding molecular
interactions in intact cells and cell-free extracts in diagnostics. För-
ster’s resonance energy transfer (FRET) measurements using FLIM
to confirm macromolecular interactions have gained popularity
in last decade. Measurement of these properties in microscopic
configuration is challenging if the signal to noise ratio is not ade-
quate. One of the approaches to increase this ratio is to perform
the measurements at longer excitation wavelength, where the cel-
lular components do not absorb efficiently. But conventional ‘long
wavelength fluorophores’ generally are not bright and have very
low fluorescent lifetime values (�1 ns). Thus, they are inconve-
nient to be used as donors for FRET experiments. Longer lifetime
fluorophores at long wavelength regime are lanthanide elements-
based complex compounds [10–12] and transition metal–ligand
complexes like ruthenium 2,20-bipyridyl [Rubpy)3]2+ [13–15].
However, these compounds are too bulky to be conjugated with
proteins and cannot be used for immunoassays. Therefore, organic
compounds with emission at longer wavelength (>550 nm) and
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considerable lifetime values (>2 ns) would be ideal as donors for
FRET experiment.

In this manuscript, we describe photophysical properties of a
new dye DyLight 594 from Thermo Scientific (Rockford, Il). This
fluorophore has a convenient spectral range, high brightness and
fluorescence anisotropy, and is very photostable. We compared
the properties of DyLight 594 with Alexa 594 Fluor, which is
known for its performance as a fluorescent label.

2. Materials and methods

DyLight and Alexa 594 fluors, both NHS esters and immunoglo-
bin G conjugated form, were provided by Fisher Scientific, IL. Solu-
tions of the fluorophores were made in phosphate buffered saline
pH 7.4 (the stock solution of PBS was purchased from Amresco,
OH).

2.1. Steady-state measurements

Cary 50 Bio� (Varian Inc. Australia) spectrophotometer was
used for absorption studies and Cary Eclipse fluorescence spectro-
photometer (Varian Inc., Australia) was used for steady-state fluo-
rescence measurements. The Cary Eclipse spectrofluorometer is
fitted with peltier system (Quantum Northwest, WA) for tempera-
ture control and has polarizers as accessories. The absorption and
emission of the samples was measured in a 1 cm � 1 cm cuvette
(in case of free dyes) or a 1 cm � 0.4 cm cuvette (in case of conju-
gated dyes). The fluorescence signal of those samples was mea-
sured as a function of emission wavelength using suitable
excitation wavelength and emission range (so that the total area
under the curve can be recorded). To calculate quantum yield fol-
lowing formula was used:

Q ¼ QR
I:ðODRÞ:n2

IR:ðODÞ:n2
R

ð1Þ

where Q is quantum yield, I is the area under curve (AUC) of fluores-
cence signal, n is the refractive index (the ratio of n2/nR

2 always 1 in
these calculations). Prefix R is for reference. Cresyl violet in metha-
nol, with a quantum yield of 0.53 [16], was used as reference
compound.

We used broad range (UV–VIS) polarizers (Manual Polarizer
Accessory, Varian Inc., Australia) for measurements in both visible
and ultraviolet region. At 350 nm the polarization was more than
94% whereas in visible region the polarization was �99%. The
mathematical expression used to calculate anisotropy was

r ¼ IVV � GIVH

IVV þ 2GIVH
ð2Þ

where IVV and IVH are vertically excited-vertically emitted and verti-
cally excited-horizontally emitted fluorescence components of the
proteins, and G is the instrumental G-factor.

We used Perrin equation to calculate the apparent rotational
correlation time h for the dye in free and IgG bound form. Perrin’s
equation is given by:

h ¼ s
ro=r � 1

ð3Þ

where ro is a fundamental anisotropy for which transition dipole
moment for absorption has the same direction like transition dipole
moment for emission.

2.2. Time-resolved measurements

Time-resolved fluorescence measurements were carried out on
FluoTime200 fluorometer (PicoQuant, GmbH). This fluorometer is

equipped with an ultrafast microchannel plate (MPT) and is capa-
ble to well-resolve sub-nanosecond decays. A 405 nm pulsed laser
diodes LDH-PC-405 (PicoQuant, GmBh) was in low power regime
(<70 ps FWHM) with 5 MHz repetition rates. The laser diodes are
routinely used to measure fluorescence decays and lifetimes with-
in ±10 ps accuracy. The lifetime data were analyzed by FluoTime
Software, Version 4.0 (PicoQuant, GmbH).

For lifetime measurements, a monochromator supported by
long wave pass filter on the observation path was used. All the
measurements for lifetime decay were performed using magic an-
gle conditions. The decay was fitted with multi-exponential model
using the expression

IðtÞ ¼
X

i¼1

aie
� t

si ð4Þ

where I(t) is the intensity at a time t, ai is the amplitude of ith com-
ponent and si is the lifetime of the ith component.

2.3. Photobleaching studies

All the experiments were performed with dyes (samples) of
absorption less than 0.2 OD at their peak to avoid any inner filter
effect.

For each photobleaching experiment, two dye laser cuvettes
(0.1 cm � 1 cm dimension) were used. To each one of them
200 ll of sample was added. One of them (Dark) was always ex-
posed to ambient room light, the other (Light) was illuminated
by a well collimated 7 W lamp for different intervals of time. To ne-
gate the effect of heat generated by the lamp, a water-filter (a cuv-
ette of 1 cm � 1 cm; filled with water) was placed in between the
sample and the lamp; neutral density filter of 0.4 OD was used to
decrease the photon flux to the sample. The sample cuvette and
water-filter were placed in such a way that the lamp uniformly
illuminated them.

Intensity from both ‘Light’ and ‘Dark’ samples were measured at
different time points in Varian eclipse spectrofluorometer using
appropriate excitation wavelength. The instrumental parameters
were not modulated during measurements. The ratio between
‘Light’ and ‘Dark’ samples was plotted against time for each time
point. Then the plotted points were fit with mono-exponential de-
cay function using equation:

y ¼ y0 þ A0ex=t ð5Þ

Fig. 1. Absorption (broken line) and emission (solid line) spectra of DyLight 594
dyes. Top panel shows the spectra of immunoglobin (IgG) conjugated dye and the
bottom panel shows the spectra of free dye. There is no significant shift in either
absorption or emission spectra upon conjugation.

36 P. Sarkar et al. / Journal of Photochemistry and Photobiology B: Biology 98 (2010) 35–39



Author's personal copy

where y0 is the background level, A0 is the maxima, x is the plotted
intensity and t is the average time.

3. Results and discussion

Absorption and fluorescence emission spectra of DyLight 594
free and labeled on IgG are presented in Fig. 1. This dye can be con-
veniently excited from 530 to 610 nm. Many excitation sources like
a green 532 nm, 543 nm and 568 nm lasers, as well as Rhodamine
6G dye laser operate in this spectral region. Most types of photode-
tectors are sensitive to the range where DyLight 594 emits (600–
650 nm). The DyLight 594 emission overlaps with absorption spec-
tra of long wavelength fluorophores like Cy5 dye or Alexa 647 Fluor
as well as SETA Biomedical and DyLight red dyes series. This high
overlap and great quantum yield (0.83 in free form and 0.64 as
conjugated) makes DyLight 594 as an efficient donor of the excita-
tion energy for popular red dyes. For example, the characteristic
Förster distance between DyLight 594 and DyLight 647 is 76.1 Å.
Whereas R0 for homotransfer of DyLight 594 is �57 Å.

We compared the fluorescence emission of IgG conjugated to
DyLight 594 and Alexa 594 fluors. The optical densities of both
dyes were adjusted to yield the same absorptions at 594 nm, as
shown in Fig. 2. The excitation at 594 nm results in about 50%
stronger fluorescence of DyLight 594 than Alexa 594 fluor (Table
1). A higher quantum yield of DyLight 594 extends the range of
FRET. This has a significant advantage in detection of molecular
interactions. In case of FRET experiments using DyLight 594 or
Alexa 594 as donor and DyLight 647 as acceptor the characteristic

Förster distances (R0) will be 70 Å for Alexa 594 and 75 Å for Dy-
Light 594 (the difference is due to the quantum yields). If the
apparent distance between donor and acceptor residues in a pro-
teins complex is 75 Å, the energy transfer efficiency will be �50%
in the case of DyLight 594 (easily measurable), and �40% in the
case of Alexa 594 Fluor.

Fluorescence lifetimes are about 10% longer for DyLight 594
when conjugated to immunoglobin (IgG) dye than that for Alexa
594 fluor (Fig. 3, Table 1). A relatively long lifetime in the red spec-

Fig. 2. Comparative analysis of intensities of IgG conjugated DyLight 594 dye and
Alexa 594 dye. Absorption spectra (broken lines) show that both molecules absorb
similarly at 594 nm wavelength. Emission intensities recorded when both molecule
were excited with light of 594 nm wavelength shows that peak intensity of DyLight
594 dye conjugated with IgG was 1.5 times more than that of the IgG conjugated
Alexa 594 dye.

Table 1
Quantum yields and average lifetimes of Alexa 594 and DyLight 594 free form and conjugated to immunoglobin.

Quantum yield DyLight 594 unlabeled DyLight 594 IgG labeled Alexa 594 unlabeled Alexa 594 IgG labeled
0.83 0.64 0.83 0.42

Lifetime (intensity weighted) sav = 4.04 ns sav = 4.12 ns sav = 3.89 ns sav = 3.76 ns
s1 = 4.06 ns s1 = 4.44 ns s1 = 3.91 ns s1 = 4.00 ns
a1 = 0.98 a1 = 0.91 a1 = 0.98 a1 = 0.91
s2 = 0.34 ns s2 = 1.48 ns s2 = 0.34 ns s2 = 0.90 ns
a2 = 0.02 a2 = 0.07 a2 = 0.02 a2 = 0.09

s3 = 0.09 ns
a3 = 0.02

Fig. 3. Fluorescence decay profile of: (a) free and (b) immunoglobin conjugated
DyLight 594 (blue) and Alexa 594 (red) dyes. The fluorophores were excited with
405 nm laser diode. The decay of fluorescence intensity was observed at 610 nm
wavelength. The measured decays were fitted with deconvoluted multi-exponential
decay model using instrument response function; fits are shown in solid lines.
Average lifetime (sav) and goodness-of fit (v2

r ) of the fit are indicated. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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tral region, above 4 ns makes DyLight 594 probe attractive for en-
ergy transfer and rotational dynamics studies. DyLight 594 has also
favorable polarization properties. The fluorescence anisotropy re-
mains constant within the entire long wavelength transition, from
470 nm to 610 nm (Fig. 4). When conjugated to IgG, DyLight 594
has significantly higher anisotropy than in free form (Fig. 4) and
the anisotropy measured in glycerol at 5 �C is very close to the lim-
iting value of 0.4 (Fig. 4).

Next, we observed fluorescence photo bleaching for DyLight
594 and Alexa 594 dyes (Fig. 5). Both dyes are fairly photostable
and degraded in the light in the similar fashion.

Finally, we measured the emission spectra as a function of tem-
perature. The fluorescence intensity of the free dye decreased with
temperature slightly, as expected (Fig. 6). However, the DyLight
594 coupled to IgG displays a different behavior. The fluorescence
intensity gradually increases with temperature. We suggest that
local interaction with protein binding site overcomes a thermal
deactivation of excited fluorophore. This could be an additional
benefit when using this dye in protein study.

4. Conclusions

We presented spectral properties of a new DyLight dye, DyLight
594, in free and IgG bound form. This dye is fully comparable to
Alexa 594 Fluor, however in the bound form DyLight 594 has about
50% higher quantum yield. The dye has relatively long fluorescence
lifetime of about 4 ns and favorable polarization properties. Using
steady state anisotropy values (Fig. 4) and lifetimes (Fig. 3, Table 1),
one can calculate correlation times of free and IgG bound DyLight
594 using Perrin Eq. (3) which is equal 0.28 ns ± 0.03 and
1.95 ns ± 0.06, respectively. The correlation time calculated for Dy-
Light 594 bound to IgG is much shorter than expected for a big pro-
tein. It should be considered as an apparent correlation time; an
effect of overall correlation time of protein and residual mobility
of DyLight 594 molecule. We also cannot exclude a homo-FRET –
energy transfer between the same kinds of molecules, because of
the presence of few DyLight 594 molecules on one IgG. The calcu-
lated value for R0 of homotransfer is significantly different from
that of heterotransfer considering a standard acceptor fluorophore.
In conclusion, the new DyLight 594 dye is a bright, photostable
probe which can be applied to any fluorescence-based experiments
in red region of the spectrum.
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Abstract. Cerulean and Venus are recently developed fluorescent
proteins, often used as a donor-acceptor pair by researchers in Förster
resonance energy transfer–based colocalization studies. We character-
ized the fluorescent properties of these two proteins in a broad spec-
tral range �form ultraviolet to visible region�. Excitation spectra, life-
times, and polarization spectra show significant energy transfer from
aromatic amino acids to the fluorescent protein chromophore. High
steady-state anisotropy values and the lack of a fast component in
anisotropy decays show that the fluorescent protein chromophore is
rigidly fixed within the protein structure. Furthermore, we show that
the chromophores are not accessible to external quenchers, such as
acrylamide or potassium iodide �KI�, allowing the removal of “un-
wanted” background in the environment with external quencher,
while leaving the Cerulean/Venus fluorescence unchanged. © 2009 So-
ciety of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.3156842�
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anisotropy.
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1 Introduction

The use of green fluorescent protein �GFP� as a marker to
visualize specific proteins inside living cells has revolution-
ized cell biology.1,2 The genetic sequence-encoding GFP has
been optimized to facilitate both its expression in mammalian
cells,3,4 as well as its photophysics for best use in elucidating
the distribution and intracellular trafficking of genetically
tagged proteins.5–9 The advent of spectral variants of GFP has
extended the utility of this technology by enabling the detec-
tion of protein-protein interactions in vivo. Specific proteins
can now be tagged with florescent proteins �FPs� that fluo-

resce in the blue, green, yellow, orange, or red region.10 In
conjunction with basic light microscopy, many molecular in-
teractions can be implied based on simple colocalization
studies.11 This colocalization approach is however limited by
the resolution of light microscopy �typically, 0.2 �m�. More
sophisticated imaging technologies, including spectral
imaging,12 fluorescence lifetime imaging �FLIM�,13–15 and im-
aging based on changes in fluorescence anisotropy,16,17 are
being applied to detect interactions between FP-tagged pro-
teins at a resolution of 1–10 nm. One such approach is to
monitor Förster resonance energy transfer �FRET� between a
protein tagged with a donor-FP and a putative binding partner
labeled with an acceptor FP. FRET efficiency can be mea-
sured by monitoring reciprocal change in the intensity of
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emission from donor and acceptor fluorophores. More ad-
vanced and precise measurement of FRET efficiencies can be
achieved by monitoring the change of fluorescence lifetime of
the donor fluorophore. A high transfer efficiency is often in-
terpreted as an indication of close proximity ��10 nm�. An-
other approach, also based on FRET, is emerging as a method
for dynamically monitoring the multimeric state of protein
assemblies.17–19 In this method, fluorescence anisotropy is
used to measure energy migration between proteins labeled
with the same FP. High anisotropy is indicative of low FRET
and vice versa. Furthermore, the amplitude of a drop in an-
isotropy encodes information on the number of fluorophores
in a molecular complex that are participating in the energy
migration.

The accurate interpretation of biological FRET experi-
ments utilizing complex quantitative imaging modalities, such
as anisotropy analysis or FLIM, relies on an in-depth knowl-
edge of the photophysics of the fluorophores being used. Spe-
cifically, for FLIM, it is important to know the lifetime of a
fluorophore in the absence of acceptors, and it is also essential
to appreciate any other factors that might alter its fluorescence
lifetime in the course of an experiment.20–22 For anisotropy
analysis, it is important to know the fundamental anisotropy
of a fluorophore �primarily a function of the orientation of its
absorption and emission dipoles�, how rigidly the fluorophore
is attached to a protein of interest and it is also useful to
understand any other factors that might alter the orientation of
its emission relative to its excitation.20–22 Furthermore, these
sophisticated types of imaging experiments are often difficult
to interpret if other endogenous fluorophores are present. Un-
der these circumstances, measured fluorescence lifetimes or
anisotropies will be a function of both the fluorophores of
interest, as well as the contaminating fluorophores. Unfortu-
nately contaminating fluorophores, like flavins, nicotinamides,
porphyrins, etc., are almost always present in living biological
samples.

Two of the most popular spectral variant of GFP used for
biological FRET studies are Cerulean,23 a blue emitting FP,
and Venus,24 a yellow emitter. The crystal structure of both of
these proteins have been reported.25,26 Although the photo-
physics of GFP has been extensively studied,27–30 this knowl-
edge base may not universally apply to these spectral variants.
Furthermore, it has long been suggested that in the FP family
FRET might occur between an internal tryptophan and the FP
fluorophore.31–33 If true, this could significantly alter fluores-
cent protein lifetime and anisotropy in a wavelength-
dependent manner, and potentially complicate the interpreta-
tion of FRET between Cerulean and Venus. In this study, we
characterize the lifetime and anisotropy of purified Cerulean
and Venus and in so doing reveal: �i� Cerulean and to a lesser
extent Venus fluorescence both decay as a double exponential,
�ii� These fluorophores are rigidly fixed within their beta-
barrel structure, and �iii� they both express efficient energy
transfer between an internal tryptophan and their fluorophores
upon UV excitation. Because the fluorophore within Cerulean
and Venus are sequestered from the solvent/media due to their
protein structure, we find they are resistant to dynamic
quenching. We demonstrate how this can be exploited to re-
move the effects of endogenous fluorophores in these types of
FRET experiments.

2 Materials and Methods
Tris buffer �Trizma�, Acrylamide �electrophoresis grade�, fla-
vin mononucleotide �FMN�, and KI were from Sigma-Aldrich
Inc., St. Louis, Missouri. 20X PBS, pH-7.5 was from AM-
RESCO®, Solon, Ohio. The water used for the analysis was
deionized �from Millipore® deionizer unit�. Both Cerulean
and Venus were diluted in 0.1 M Tris, pH 8.5. In the iodide
quenching studies with FMN PBS pH 7.5 was used as the
buffer as fluorescence of FMN is sensitive to alkaline pH.

2.1 Purification of Cerulean and Venus

2.1.1 Expression and purification of Cerulean and
Venus proteins

6x His-tagged Cerulean and Venus cloned into pRSET B �In-
vitrogen� and the recombinant proteins were expressed in
BL21 �DE3� pLysS bacteria �Invitrogen�. Bacteria were lysed,
and proteins were purified using Ni-NTA Magnetic Agarose
beads �Qiagen�, according to the manufacturer’s instructions.
The protein was concentrated by centrifugation using Centri-
con centrifugal filter devices �Millipore�.

To assess protein integrity and purity of samples 1.4 and
0.14 mg of purified Cerulean and Venus were run on a 10%
SDS PAGE gel �Bio-Rad� and Coomassie stained. For the
Western blots, 25 ng of Cerulean and Venus proteins were
separated on a 10% SDS-PAGE gel under denaturing condi-
tions. The proteins in the gel were transferred onto a polyvi-
nylidine flouride �PVDF� membrane �Immobilon P, Millipore�
by electrophoresis. The blot was blocked in a solution con-
taining phosphate-buffered saline �pH 7.4, Invitrogen�, 0.05%
Tween 20 �Sigma� �PBST�, and 5% BSA �ICN Biochemicals�
for 30 min. The blot was probed with rabbit anti-GFP poly-
clonal antibody �ab6556, Abcam; 1:1000 dilution� in PBST
and 5% BSA for 1 h at room temperature. The blot was
washed in PBST and then probed with a mixture of a goat
anti-rabbit HRP conjugated antibody �Pierce, 1:5000 dilution�
and HRP-Conjugated Biotin antibody �Cell Signaling, 1:5000
dilution; for biotinlyated mass ladder� in PBST for 30 min.
The blot was rinsed and washed as described earlier. Protein
bands were visualized by chemiluminescence �SuperSignal
West Dura Extended Duration Substrate Kit, Pierce� using a
Kodak Image Station 4000R. Densitometry analysis of the
protein bands were performed using the analysis software in
Kodak Image Station 4000R.

2.2 Fluorescence Studies
Varian Cary Eclipse fluorescence spectrophotometer �Varian
Inc.� was used for steady-state fluorescence measurements.
We used broad range �UV-Visual� polarizers �Manual Polar-
izer Accessory, Varian Inc., Australia� for measurements in
both the visible and ultraviolet regions. At 285 nm, the polar-
ization was �90%, whereas in visible region the polarization
was �96%. The mathematical expression used to calculate
anisotropy was

r =
IVV − GIVH

IVV + 2GIVH
, �1�

where IVV and IVH are vertically excited–vertically emitted
and vertically excited–horizontally emitted fluorescence com-
ponents of the proteins and G is the instrumental G factor.21
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Time-resolved fluorescence measurements were carried
out on FluoTime200 fluorometer �PicoQuant GmbH�. This
fluorometer is equipped with an ultrafast microchannel plate
and is capable to well resolve subnanosecond decays. For
studies in the UV region, the samples were excited with a
picosecond-pulsed LED light source PLS-280, with band-
width of 20 nm, manufactured by PicoQuant GmBh. Full
width at half maxima �FWHM� of the pulse was �500 ps,
and the repetition rate used for the measurements using the
LED was 5 MHz. For visible region studies, 405 nm �for
Cerulean� or 470 nm �for Venus� pulsed laser diodes LDH-
PC-405 or LDH-PC-470 �PicoQuant GmBh� were used, re-
spectively, in the low-power regime ��70 ps FWHM� with
5 MHz repetition rates. The laser diodes are routinely used to
measure fluorescence decays and lifetimes within �10 ps ac-
curacy. The lifetime data were analyzed by FluoTime soft-
ware, version 4.0 �PicoQuant GmbH�.

For lifetime measurements, a monochromator supported by
long wave pass filter on the observation path was used. All the
measurements for lifetime decay were performed using magic
angle conditions. The decay was fitted with a multiexponen-
tial model using the expression

I�t� = �
i

�ie
−t/�i, �2�

where I�t� is the intensity at a time t, �i is the amplitude of
i’th component and �i is the lifetime of the i’th component.

Time-resolved anisotropy decays were fitted to the multi-
exponential model using the expression

r�t� = � rie
�−t/�i�, �3�

where, r�t� is the anisotropy in time t, ri is the amplitude of
the i’th component and �i is the correlation time of the i’th
component.

All the studies were carried out in room temperature
�22°C�. The background from the buffer was �1% of the
signal, and the background from external quencher KI in
buffer was subtracted from all the concerned measurements.

3 Results and Discussion
The purity of Cerulean and Venus were accessed using Coo-
masie staining of the proteins and Western blot analysis �Fig.
1�. The serial dilution of Cerulean and Venus �1.4 and
0.14 mg� reveals a strong band at 27 kDa �FP, arrowheads in
Fig 1� and some minor contaminants �double-headed arrows,
Fig 1�. Densitometry analysis of the Coomassie staining
�Fig. 1�a�� revealed that Cerulean was 97% pure and Venus
was 90% pure.

3.1 Steady-State Fluorescence
Cerulean–Venus is an excellent donor acceptor pair, with se-
lective donor excitation using the 405 or 442-nm laser lines,
and observation at 470 nm �no signal from acceptor at this
wavelength�. This significantly simplifies the FRET measure-
ments and its interpretation. The excitation and emission spec-
tra of both proteins are presented in Fig. 2. There is a signifi-
cant increase in the excitation intensity in the UV region, at
�300 nm. Emission spectra did not change with excitation
�data not shown�, suggesting either an electronic transition in
the chromophore or that excitation energy absorbed by other
moieties �such as aromatic amino acids� are efficiently trans-
ferred to the chromophore.

To study these possibilities further, we measured polariza-
tion spectra. Figure 3 shows steady-state excitation and emis-
sion polarization spectra of Cereluan, while Fig. 4 shows the
same for Venus protein. Whereas the anisotropy values remain
relatively constant within the emission spectra �b�, the excita-
tion anisotropies decrease significantly in shorter wavelengths
�top panels�. Such polarization dependences are common in
�i� single fluorophore with different excited-state dipoles at
higher electronic transition and �ii� a donor-acceptor system
when excitation anisotropy is observed at acceptor emission.
In fact, single-step energy transfer significantly affects aniso-
tropy.

3.2 Time-Resolved Fluorescence
Next, we measured fluorescence lifetimes of fluorescent pro-
teins with UV excitation �285 nm� and with direct long-

Fig. 1 Characterization of purified proteins. �a� Coomassie staining of a SDS PAGE gel shows 27 kDa �arrow heads� Cerulean �C� and Venus �V�
protein bands. There seems to be minor contaminating bands at 60 KDa �double-headed arrow�. �b� Western blot of Cerulean and Venus protein,
where the Anti GFP antibody strongly cross reacts with the 27 kDa protein.
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wavelength excitation at 405 and 470 nm for Cerulean and
Venus, respectively. The intensity decays of Cereluan and Ve-
nus fluorescent proteins with long-wavelength excitation,
measured by time-correlated single-photon counting, are pre-

sented in Figs. 5 and 6, respectively. One- and two-
exponential fits to the experimental data are presented in
Table 1. For both proteins, the fluorescence intensity decays
were best fitted using a two-exponent decay model, though
single exponential fits with lifetimes of 3.18 and 3.03 ns for
Cereluan and Venus may in many cases be acceptable. Life-
times were significantly longer with UV excitation. Further-
more, strong negative lifetime components of �0.2 ns were
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Fig. 2 Excitation and emission spectrum of �a� Cerulean and �b� Venus
fluorescent proteins. Fluorescent protein excitation intensity in the UV
�280 nm� is thought to be due to FRET from aromatic amino acids to
the fluorescent protein chromophore.
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Fig. 3 �a� Excitation and �b� emission steady-state anisotropies of Cer-
ulean. The high value of emission anisotropy, �0.3, suggests limited
flexibility of the fluorophore within the protein structure. The rapid
decrease of the excitation anisotropy is consistent with FRET between
aromatic amino acids and the fluorescent protein chromophore.
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Fig. 4 �a� Excitation and �b� emission steady-state anisotropy of Ve-
nus. The high value of steady-state emission anisotropy �b� suggests
limited flexibility of the chromophore within the barrel structure of the
protein. The negative value of excitation anisotropy in the UV region
is consistent with FRET occurring between aromatic amino acids and
the fluorescent protein chromophore.
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Fig. 5 Time-domain intensity decay of Cerulean. The decay is well
approximated with a two exponential decay model �see Table 1�. The
amplitude and fractional intensity weighted average lifetimes are 2.82
and 3.23 ns respectively.
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observed �Table 1�. This is a characteristic property of a pro-
cess occurring in the excited state. A negative component in
the intensity decay indicates that the fluorescent protein chro-
mophore is receiving additional “pumping” after excitation.
This is consistent with FRET occurring between the aromatic
amino acids and the fluorescent protein chromophore.

This is visualized in Figs. 7 and 8 for Cerulean and Venus
respectively. Although the data were fitted for the whole de-
cay, we present the fit only for the initial 5 ns, in order to
show the necessity of negative component to fit the decay.
The short decay time �0.16 and 0.2 ns for Cerulean and Ve-
nus, respectively� associated with the negative decay compo-
nent shows that the energy transfer process is very efficient
��90% � if we assume that the lifetime of unquenched tryp-
tophan or tyrosine is �3 ns. This explains the absence of a
significant tryptophan emission. The low steady-state excita-
tion anisotropy value for Cerulean �Fig. 3� and negative value

for Venus �Fig. 4� observed with excitation of �350 nm is
consistent with significantly different near-orthogonal orienta-
tions for donor �Trp� and acceptor �fluorescent protein chro-
mophore� transition moments. However, characterization of
Trp donor profile was not an option due to presence of mild
spectroscopic impurities �as seen in SDS-Page and Western
Blot�.

Anisotropy decays of both proteins �Figs. 9 and 10� are
similar, displaying high values of initial anisotropy and corre-
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Fig. 6 Time-domain intensity decay of the Venus. The decay is well
approximated using a two exponential decay model �see Table 1�. The
amplitude and fractional intensity weighted average lifetimes are 2.87
and 3.03 ns respectively.

Table 1 Multiexponential analysis of fluorescence intensity decays of Cerulean and Venus.

Protein
Ex
�nm�

Em
�nm� �1

T1
�ns� �2

T2
�ns� �3

T3
�ns� X2

Cerulean 405 475 1.0 3.18±0.03 — — — — 4.7

0.403 1.52±0.04 0.597 3.70±0.02 — — 0.9

285 475 1.0 3.47±0.09 — — — — 3.1

0.936 2.08±0.03 1.253 4.02±0.02 −1.189 0.16±0.01 1.0

Venus 470 525 1.0 3.03±0.01 — — — — 1.7

0.160 1.31±0.07 0.840 3.17±0.01 — — 0.9

285 525 1.0 3.35±0.09 — — — — 1.2

1.835 3.31±0.02 −0.835 0.2±0.02 — — 1.0
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Fig. 7 Initial intensity decay of Cerulean with the excitation in Trp
excitation region �285 nm�. The blue line and residuals show the fit
with positive component only, while the green line and residuals
show the fit with one negative component. A negative component is
needed to fit the data better. �Color online only.�
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lation times of �15 ns �Table 2�. The fits to these decays can
be modestly improved using a decay model with a second
correlation time. However, these second correlation times are
on the order of a few nanoseconds and are most likely asso-
ciated with the nonspherical shape of the protein than with
chromophore internal mobility. The very high steady-state
anisotropies observed as well as the relatively slow anisotropy
decays measured indicates that the fluorescent protein chro-

mophores in Cerulean and Venus are rigidly oriented within
the protein structure and have little freedom for rotation. This
attribute should encourage polarization studies using fluores-
cent proteins, because the local fluorophore mobility is a
bottleneck in many rotational diffusion investigations.

3.3 Fluorescence Quenching Study
GFP fluorescence is known to be resistant to many quenching
reagents. This is thought to arise from the GFP �-barrel pro-
tein structure that physically surrounds and sequester the GFP
fluorophore from water soluble factors.25,26 We next wanted to
determine if the �-barrel structure of Cerulean and Venus
would also protect their fluorophores from quenching re-
agents. We also wanted to determine if the high-efficiency
energy transfer observed with UV excitation was also insen-
sitive to external quenchers. First, we noted that with long-
wavelength excitations, even high concentrations of acryla-
mide or potassium iodide �KI� in the solution do not change
the emissions of Cereluan or Venus proteins �data not shown�.
This indicates that their chromophores are not readily acces-
sible to these quenchers.

Next, we used UV excitation to test if the tryptophan fluo-
rophore is also protected by the �-barrel structure. Figures 11
and 12 show the effect of acrylamide and/or KI presence on
the UV-excited Cereluan and Venus proteins. There was little
evidence for quenching of either Cerulean or Venus fluores-
cence. We conclude that the fluorescent protein chromophores
as well as the tryptophan residue is effectively shielded from
these quenchers. One can note that, in the presence of acryla-
mide, the emission spectrum of our purified Cerulean �and to
a lesser extent Venus� was reduced at 400–450 nm �Fig. 11�.
Presumably, tryptophan in a small fraction of denatured fluo-
rescent proteins can be quenched.

We decided to test if the unique protective nature of the
fluorescent protein �-barrel structure can be exploited to sup-
press background fluorescence in fluorescent protein experi-
ments. We prepared the mixture of Cereluan or Venus proteins
with flavin mononucleotide �FMN�. Flavins are an abundant
chemical moiety found in cells. A major obstacle to live-cell
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florescence imaging is that flavin fluorescence often masks the
fluorescence of less abundant exogenous fluorophores experi-
mentally introduced into cells. To illustrate this, a solution of
either Cerulean �Fig. 13� or Venus �Fig. 14� and the flavin
FMN were prepared and their emission spectra recorded. As
expected, the strong FMN emission masked the fluorescent
protein spectra in these mixtures. Addition of 0.35 Molar KI
selectively quenched FMN to reveal the previously masked
fluorescence protein spectra. To illustrate this effect, we pre-
pared and imaged a microscopy slide with immobilized Venus
protein �Fig. 15, star-shaped spot�. Next, a drop of FMN so-
lution was applied to the slide, primarily over the immobilized
Venus. This led to fluorescence dominated by FMN. The star-
shaped Venus spot could not be distinguished. Finally, we
progressively added KI solution �Fig. 15�b��. As FMN was
selectively quenched, the fluorescent Venus protein spot was
again revealed.

4 Conclusions
In addition to excitation with visible light �400–550 nm�
both, Cereluan and Venus fluorescent proteins can be effi-

ciently excited in the UV region at wavelengths �280 nm�,
where tryptophan and tyrosine are excited. Surprisingly, ap-
preciable emission from these aromatic amino acids was not
observed in the emission spectra of fluorescent proteins when
excited with UV light �285 nm�. UV excitation is thought to
be accompanied by a very efficient energy transfer from aro-
matic amino acids �presumably tryptophan and/or tyrosine� to
the fluorescent protein chromophore because, under these
conditions, a negative lifetime decay component �pumping�
was observed in the fluorescence intensity decay. The lifetime
associated with this lifetime decay component was �200 ps.
Assuming a nonquenched lifetime of tryptophan/tyrosine spe-
cies of �3 ns, one can calculate a transfer efficiency of
�90%. With such a high-energy-transfer efficiency, it is not
surprising that the fluorescence spectra of tryptophan in fluo-
rescent proteins cannot be measured accurately. Also, pres-
ence of trace amount of impurities in the sample �Fig. 1�
contribute to the signal seen at the Trp emission region, mak-

Table 2 Anisotropy decay analyses of Cerulean and Venus emission.

Protein r1

�1
�ns� r2

�2
�ns�

�̄
�ns� Xr

2

Cerulean 0.352±0.002 14.5±0.5 — — 14.5 1.6

0.088±0.001 6.7±0.4 0.266±0.002 19.6±0.6 18.3 1.5

Venus 0.374±0.002 16.4±0.6 — — 16.4 2.0

0.048±0.001 3.7±0.4 0.331±0.002 21.4±0.7 20.3 1.8
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ing the interpretation even more complex. Furthermore,
steady-state anisotropy measurements of the Cerulean or Ve-
nus fluorophore were only low with UV excitation, again in-
dicating energy transfer between an aromatic amino acid and
the fluorescent protein chromophore.

Time-resolved fluorescence anisotropy decay analysis also
revealed that the emission dipole orientation of the Cereluan
and Venus chromophores are rigidly fixed in the protein struc-
ture. This conclusion is based on our inability to detect any
local, subnanosecond decay component in time-resolved an-

isotropy measurements. The presence of trace impurities in
the sample makes the interpretation of fluorescence decay
from the internal tryptophan more complex. This prevented us
from determining if the orientation of its emission dipole is
also rigidly fixed. Nonetheless, the negative steady-state an-
isotropy observed with UV excitation of Venus, which con-
tains only one tryptophan residue, strongly indicates energy
transfer from tryptophan residues to the chromophore region.
The excitation anisotropy �while acceptor emission was ob-
served� value dropped for Cerulean, but still remained posi-
tive. This can be due to presence of two tryptophan residues
in Cerulean.

Both, tryptophan and the fluorescent protein chromophore
are buried in the protein structure and not accessible to the
external quenchers, acrylamide and/or KI. This is a unique
advantage of fluorescent proteins over other probes. We have
shown that quenchers can be used to selectively suppress non-
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ted lines� of KI. Dashed line represent normalized spectrum of mixture
in presence of KI.
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Fig. 15 Photograph of the combination of Venus and FMN emissions.
Venus is immobilized at the surface of the glass slide �1�. Next the
slide was flooded with 500 �M FMN solution �2�. Then solution of
2M KI was added drop wise; 2–3 drops �3 and 4�. The illumination
was from 450 nm LED, Observation was through 495 LWP filter.
Canon® EOS 300D camera with an 18–35 mm lens was used to take
the photograph using a shutter speed of 3 min. Images were trimmed
by Canon ZoomBrowser® software. No additional modifications were
made with the photographs.
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specific fluorescent background. In biological samples, such
as cells or tissue, fluorescent background is a major obstacle
in any fluorescence study, especially in those based on FRET.
Our observation that the fluorescence of purified Venus is se-
lectively spared while the fluorescence of FMN is almost
completely quenched suggests that using KI solution in wash-
ing procedures will improve the ratio of fluorescent protein
emission to background fluorescence. We understand that high
concentrations of iodide will be toxic to the cell itself and thus
cannot be used in live-cell imaging instantaneously. But this
study proves the concept that using flavin quenchers can be a
good strategy of improving signal-to-noise ratio in imaging
experiments that use these fluorescent proteins. Use of other
known quenchers of flavin, such as oxygen or reducing flavins
in the cells, can be a potentially feasible future strategy. These
simple experimental manipulations might be the key for al-
lowing quantitative imaging of fluorescent proteins in cells
with high background fluorescence �such as neurons� or for
readily detecting the fluorescence emission of single fluores-
cent protein molecules by dramatically increasing the signal-
to-noise ratio.
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a b s t r a c t

The solvatochromic fluorescent probe 8-anilino-1-naphthalenesulfonate (ANS) has been used to study
the hydrophobicity and conformational dynamics of lecithin:cholesterol acyltransferase (LCAT). The
ANS to LCAT binding constant was estimated from titrations with ANS, keeping a constant concentration
of LCAT (2 lM). Apparent binding constant was found to be dependent on the excitation. For the direct
excitation of ANS at 375 nm the binding constant was 4.7 lM�1 and for UV excitation at 295 nm was
3.2 lM�1. In the later case, not only ANS but also tryptophan (Trp) residues of LCAT is being excited. Fluo-
rescence spectra and intensity decays show an efficient energy transfer from tryptophan residues to ANS.
The apparent distance from Trp donor to ANS acceptor, estimated from the changes in donor lifetime was
about 3 nm and depends on the ANS concentration. Steady-state and time-resolved fluorescence emis-
sion and anisotropies have been characterized. The lifetime of ANS bound to LCAT was above 16 ns which
is characteristic for it being in a hydrophobic environment. The ANS labeled LCAT fluorescence anisotropy
decay revealed the correlation time of 42 ns with a weak residual motion of 2.8 ns. These characteristics
of ANS labeled LCAT fluorescence show that ANS is an excellent probe to study conformational changes of
LCAT protein and its interactions with other macromolecules.

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

Lecithin:cholesterol acyltransferase (LCAT) is a key enzyme in
cholesterol transport [1]. It is synthesized in the liver and circu-
lates in the blood, associated with high density lipoproteins [1–
3]. The LCAT transfers an acyl group from phosphatidylcholine to
cholesterol through a trans-esterification reaction resulting in cho-
lesteryl ester and lysophosphatidylcholine [4]. The formation and
accumulation of cholesteryl esters in the core of HDL results in
the removal of cholesterol from the lipoprotein surface and simul-
taneously promotes efflux of cholesterol from cell membranes into
HDL [5]. This process has been termed reverse cholesterol trans-
port (RCT) because its ability to promote the flow of cholesterol
from peripheral tissues to the liver. RCT begins with the secretion
of nascent discoidal HDL by the liver, followed by the build up of its
cholesteryl ester core, resulting in spherical shape and growth in

diameter with the progressive accumulation of cholesteryl esters
[6]. This overall process involving LCAT (RCT) has been linked to
protection of the arteries from atherosclerosis via removal of une-
sterified cholesterol from arterial tissue [7].

Although recent studies identified important structural features
of LCAT [1,4–6], the three dimensional structure of the enzyme re-
mains unsolved due to the unavailability of diffraction grade crys-
tals [8]. The studies presented here intend to probe the
hydrophobic regions of LCAT and the conformational behavior of
tryptophan residues that would allow additional detailed studies
on substrate interactions and thus the mechanism of action of
LCAT.

Extrinsic fluorescent probes have been used in conformational
studies, of macromolecules, including serum albumin [9] and myo-
globin [10]. In addition, ANS has recently been used to study its
interaction with the antibiotic target Mur A [11], to probe apomyo-
globin unfolding [12] and to characterize lipid-binding properties
of intracellular proteins [13]. The binding of ANS to hydrophobic
regions of proteins has been proposed to tighten the macromolec-
ular conformation [14].

Here, we describe the ANS binding to LCAT via studies of intrin-
sic fluorescence, modulated by the presence of ANS, as well as the
extrinsic fluorescence attributable to ANS. Both steady-state and
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time-resolved techniques have been applied to probe the confor-
mational parameters associated with the binding of ANS to the
enzyme.

2. Materials and methods

8-Anilino-1-naphthalenesulfonate (ANS) ammonium salt was
acquired from Aldrich, MO. The PBS (pH 7.4) was used to dissolve
ANS and in the titrations. Absorption spectra were measured on a
Cary 50 spectrophotometer (Varian Inc.).

2.1. LCAT purification

Recombinant LCAT was purified from the conditioned medium
of engineered human lung cells, as described previously [15].
Approximately 800 ml conditioned culture medium containing
LCAT was loaded on a phenyl-sepharose column (2.5 � 18 cm),
that had previously been equilibrated with 0.005 M PO4, 0.3 M
NaCl, pH 7.4. The column was washed with the same buffer until
the absorbance at 280 nm decreased below 0.01. Subsequently,
the purified LCAT was eluted with deionized water. All the exper-
iments were done in Phosphate buffered saline, pH 7.4 (20� solu-
tion purchased from Amresco, OH).

2.2. LCAT–ANS titration and steady-state fluorescence measurement

The steady-state emission was recorded on an Eclipse spectro-
fluorometer (Varian Inc.). 500 ll of LCAT (2 lM) solution was taken
in 4 mm � 10 mm quartz cuvette and predetermined volume of
600 lM ANS stock was added in each step. The steady-state fluo-
rescence emission spectrum was measured after each addition of
ANS, with 295 nm excitation (exciting the trp residues of LCAT)
and 375 nm excitation (exciting protein bound ANS) light. All other
conditions (like slit size, PMT voltage and temperature) were not
altered during the recordings. Then emission intensity at 480 nm
(emission peak of protein bound ANS fluorescence) of each reading
was plotted against the corrected ANS concentration (considering
the ‘volume effect’ upon ANS addition). This plot was fitted with
the equation

y¼
Kdþ½ANS�cþ½LCAT�c�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKdþ½ANS�cþ½LCAT�cÞ2�4½ANS�c½LCAT�c

q

2½LCAT�c
ð1Þ

where y is the calculated value of intensity, Kd is the dissociation
constant in lM�1, [ANS]c is the corrected ANS concentration in
lM, [LCAT]c is corrected LCAT concentration in lM. The dissociation
constant was calculated from the fit.

2.3. Steady-state anisotropy measurement

For steady-state anisotropies, fluorescence signals were mea-
sured using the Cary Eclipse spectrofluorometer equipped with
polarizer (Varian Inc.) at excitation and emission window. Mea-
surements were taken with vertically oriented excitation polarizer
in combination with either vertically or horizontally oriented
emission polarizer. From them anisotropies were calculated using
the expression

r ¼ IVV � GIVH

IVV þ 2GIVH
ð2Þ

where r is the anisotropy, IVV is the intensity measured with verti-
cally oriented excitation polarizer and vertically oriented emission
polarizer, IVH is the intensity measured with vertically oriented
excitation polarizer and horizontally oriented emission polarizer
and G is the instrumental factor.

2.4. Fluorescence lifetime and anisotropy decay measurements

The intensity decays were measured with FluoTime 200 fluo-
rometer (PicoQuant Inc.). This fluorometer is equipped with ultra-
fast microchannel plate detector (MCP) from Hamamatsu Inc., and
pulsed 375 nm laser diode (70 ps half width), providing sub nano-
second resolution. The UV (285 nm) excitation was obtained from
a pulsed LED (500 ps half width). All the samples measured were
freshly prepared and the recordings were taken at room tempera-
ture (around 20 �C). The fluorescence lifetimes were calculated
using FluoFit4 program from PicoQuant Inc., which uses the fol-
lowing non-linear least square expression to fit the measurements:

IðtÞ ¼
Z t

�1
IRFðt0Þ

Xn

i¼1

Aiexp�
t�t0
si dt0 ð3Þ

where I(t) is the intensity at time t, IRF(t0) is the instrument re-
sponse function at time t (calculated from measuring the scattering
from LED or the laser), Ai is the amplitude of a single exponential
component i, and si is the lifetime of the component.

Anisotropy decay was measured in the same instrument record-
ing the vertical or horizontal component of the emitted light. The
time dependant anisotropy was calculated as

rðtÞ ¼ IparallelðtÞ � GIperpendicularðtÞ
IparallelðtÞ þ 2GIperpendicularðtÞ ð4Þ

where r(t) is the measured anisotropy at time t, Iparallel(t) is the par-
allel component of emission (in comparison to excitation) at time t
and Iperpendicular(t) is the perpendicular component of emission at
time t and G is the instrumental G-factor.

The measured anisotropy was then fitted with the expression

rðtÞ ¼
Xn

i¼1

Riexp�ðt=/iÞ ð5Þ

where r(t) is the fitted anisotropy at time t, Ri is the single anisot-
ropy component and /i is the correlation time of the single
component.

From the fit expression, the correlation time was used to esti-
mate the molecular weight of the fluorescent complex using Per-
rin’s equation.

3. Results and discussion

3.1. ANS binding to LCAT studied via tryptophan emission

First, we observed the fluorescence from LCAT protein in the ab-
sence and presence of ANS using UV excitation at 295 nm. At this
wavelength, tryptophan (Trp) residues in LCAT are excited, result-
ing in a broad fluorescence peak with the maximum near 340 nm.
Because Trp residues are relatively sensitive to the polar environ-
ment [16–18], they tend to display a red shift with the emission
maximum at 360 nm or longer. However, in a less polar environ-
ment (buried deeply inside the protein), Trp fluorescence is shifted
towards shorter wavelengths. In the case of LCAT protein, most of
the Trp residues are apparently buried and are shielded from the
water molecules.

Progressive addition of ANS in titration experiment resulted in a
decrease of Trp emission with a simultaneous increase of ANS fluo-
rescence (Fig. 1). Because the competing ANS absorption and reab-
sorption do not account for the magnitude of the quenching, we
performed time-resolved measurements of ANS-labeled LCAT to
elucidate the nature of this effect. The decay of Trp fluorescence
intensity was shorter in the presence of ANS than in the control,
as shown in Fig. 2 and Table 1. The quenching of Trp residues by
ANS was thus likely to be due to Foerster resonance energy transfer
(FRET) mechanism. Similar FRET has been reported for ANS labeled

20 P. Sarkar et al. / Journal of Photochemistry and Photobiology B: Biology 92 (2008) 19–23

ARTICLE IN PRESS



bovine serum albumin (BSA) [19] and other proteins. Using the en-
ergy transfer efficiencies calculated from measured lifetimes, and
critical Foerster distance for Trp–ANS of 28.6 Å [19], we estimated
the apparent transfer efficiencies and Trp to ANS distances (Table
2). These distances were found to become shorter with increasing
concentration of ANS.

Shorter Foerster’s distance at higher ANS concentration might
reflect the presence of more than one ANS binding site in LCAT
or it might be due to unbound LCAT molecules at lower concentra-
tion. To find out the basis of the phenomenon we assumed that
only one molecule of ANS is bound to each molecule of LCAT and
calculated the hypothetical energy transfer considering that at
high concentrations of ANS in the solution all the LCAT molecules
are bound with one ANS molecule. We compared the calculated

values with the experimental result (Table 2). The calculated val-
ues are not comparable with the experimental value, suggesting
there is more than one ANS binding site in LCAT that can result
in energy transfer from Trp residues from LCAT.

The changes in fluorescence intensities of ANS (at 480 nm) were
used to study kinetics of the ANS binding to LCAT. The fit to one
component kinetic model is presented in Fig. 3. The data can be fit-
ted with the binding constant Kd = 3.2 lM�1. Two component mod-
el did not improve the quality of the fit.

3.2. ANS binding to LCAT studied with ANS fluorescence

Upon selective excitation of the ANS probe at 375 nm, the Trp
residues are not excited, and only ANS emission is observed
(Fig. 4). From Fig. 4, it is clear that there was no background emis-
sion from the 2 lM solution of LCAT in the absence of ANS. Fig. 5
shows the titration of LCAT with ANS at 375 nm excitation. In this
case one component model provides satisfactory fit to the data
with the binding constant Kd = 4.7 lM�1.

Table 2
Efficiency of energy transfer (ET) and the apparent distance (r) between tryptophan
and ANS molecules in LCAT

[ANS] (lM) Fraction of LCAT–ANS complexa Expected
ET

b
Observed
ET

r (Å)

3.29 4.34 0.243 0.190 36.4
12.59 0.777 0.437 0.365 31.4
35.92 0.977 0.549 0.445 29.7
85.93 1 0.562 0.562 27.4

a Assuming that at high concentration of ANS, all LCAT molecules are bound with
ANS.

b Assuming that there is only one type of binding, ANS binding site in LCAT.
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Fig. 3. Kinetics of ANS binding to LCAT protein observed for ANS emissions with
295 nm excitation.
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Fig. 2. Fluorescence intensity decays of LCAT protein (tryptophan emission at) in
absence and presence of ANS. The excitation was 285 nm from a pulsed LED, and
the observation was at 340 nm. The decrease of tryptophan lifetime is due energy
transfer from tryptophan to ANS.
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Fig. 1. Emission spectra of LCAT protein in absence and presence of ANS at 295 nm
excitation. Progressive increase of ANS concentration results in a decrease of try-
ptophan fluorescence (340 nm) with a simultaneous increase of ANS fluorescence
(480 nm).

Table 1
Individual and average lifetimes calculated from lifetime decay curves with given concentrations of ANS bound to 2 lM LCAT solution in PBS

[ANS] (lM) �s (ns) hsi (ns) s1 (ns) a1 s2 (ns) a2 s3 (ns) a3 v2

0 4.22 2.74 0.657 0.350 2.734 0.437 6.184 0.213 1.087
4 3.62 2.22 0.645 0.414 2.422 0.435 5.915 0.151 1.032
15 3.14 1.74 0.487 0.456 2.036 0.424 5.466 0.121 1.041
40 2.94 1.52 0.439 0.507 1.910 0.393 5.383 0.101 1.033
100 2.77 1.20 0.299 0.560 1.621 0.349 5.077 0.091 1.008
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The fluorescence intensity decay of the ANS labeled LCAT is pre-
sented in Fig. 6. The average lifetime of 16.12 ns suggests that the
ANS molecules were tightly bound in the hydrophobic pockets of
the protein, and is thus shielded from water molecules.

The relatively long fluorescence lifetime is convenient for
studying dynamic changes in protein conformation. The time-re-
solved anisotropy measurements are presented in Fig. 7. The recov-
ered correlation time of 42 ns is in a good agreement with the
calculated value obtained from a hydrodynamic model for a
62 kDa protein [20]. The steady-state anisotropies depend on both,
lifetimes and correlation times of macromolecules. The anisotropy
measurements, as ratio-metric are very precise and relatively sim-
ple to apply in the absence of time-resolved instrumentation. The
excitation and emission anisotropies of ANS-labeled LCAT are pre-
sented in Fig. 8. Across the emission spectrum, the ANS anisotropy
remained constant at the value of about 0.23. The complete immo-
bilization of ANS fluorophores would result in the limiting value of
anisotropy of 0.4. We believe that partial immobilization of LCAT
protein will be observed from the anisotropy measurements.
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Fig. 4. The ANS titration spectra of ANS-labeled LCAT protein. The excitation was
375 nm.
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Fig. 7. The anisotropy decay of ANS–labeled LCAT protein. The excitation was 37-
5 nm from a pulsed laser diode and the observation was 480 nm.

Emission Anisotropy
Ex - 375nm,

 4μM LCAT - 1.5μM ANS

0

0.1

0.2

0.3

0.4

400 450 500 550

Emission wavelength (nm)

A
ni

so
tr

op
y

Excitation Anisotropy
Em - 480nm,

 4μM LCAT - 1.5μM ANS

0

0.1

0.2

0.3

0.4

300 350 400

Excitation Wavelength (nm)

A
ni

so
tr

op
y

Fig. 8. Steady-state anisotropy spectra of ANS–labeled LCAT protein. Top: the ex-
citation anisotropy spectrum. Bottom: the emission anisotropy spectrum.

22 P. Sarkar et al. / Journal of Photochemistry and Photobiology B: Biology 92 (2008) 19–23

ARTICLE IN PRESS



4. Conclusions

The ANS chromophore known to be non-fluorescent in the
water and other polar solvents, bind to the hydrophobic regions
of LCAT protein and displays fluorescence emission.

The binding constants recovered from ANS titrations are differ-
ent for 295 nm and 375 nm excitations. In the case of 295 nm exci-
tation there is an additional pathway for ANS excitation via FRET
from Trp residues. This is reflected in smaller Kd value for ANS
binding. ANS is also able to quench the Trp fluorescence emitted
by proteins, due to a FRET mechanism. The fluorescence of ANS-la-
beled LCAT can be used in future studies to study the rotational
mobility of the enzyme while the interaction of LCAT with other
macromolecules may be studied via anisotropy measurements.
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